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� Acid ceramidase (ASAH1) is an
enzyme in sphingolipid metabolism
that converts pro-survival ceramide
into sphingosine and its role in
colorectal cancer (CRC) is not known.

� ASAH1 is over expressed in human
murine CRC and silencing ASAH1
induces immunological cell death
(ICD) in CRC cell lines.

� ASAH1 silencing also modulate the
glutathione system and induces
mitochondrial stress.

� Combination of ASAH1 inhibitor
along with check point therapy (anti
PD-1) sensitize the tumor cells to
immunotherapy.
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Introduction: Acid ceramidase (hereafter referred as ASAH1) is an enzyme in sphingolipid metabolism
that converts pro-survival ceramide into sphingosine. ASAH1 has been shown to be overexpressed in
certain cancers. However, the role of ASAH1 in colorectal cancer still remain elusive.
Objective: The present study is aimed to understand how ASAH1 regulates colorectal cancer (CRC)
progression and resistance to checkpoint inhibitor therapy.
Methods: Both pharmacological and genetic silencing of ASAH1 was used in the study. In vitro
experiments were done on human and mouse CRC cell lines. The in vivo studies were conducted in
NOD-SCID and BALB/c mice models. The combination of ASAH1 inhibitor and checkpoint inhibitor was
tested using a syngeneic tumor model of CRC. Transcriptomic and metabolomic analyses were done to
understand the effect of ASAH1 silencing.
Results: ASAH1 is overexpressed in human CRC cases, and silencing the expression resulted in the
induction of immunological cell death (ICD) and mitochondrial stress. The ASAH1 inhibitor (LCL-521),
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either as monotherapy or in combination with an anti-PD-1 antibody, resulted in reduction of tumors
and, through induction of type I and II interferon response, activation of M1 macrophages and T cells,
leading to enhanced infiltration of cytotoxic T cells. Our findings supported that the combination of
LCL-521 and ICIs, which enhances the antitumor responses, and ASAH1 can be a druggable target in CRC.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Targeting the tumor microenvironment (TME) and augmenting
the host immune response are emerging strategies for managing
cancer [1,2]. Tumors have an inherent capacity to create an overall
immunosuppressive environment and thereby escape from
immunosurveillance that causes significant obstacles to effective
antitumor immunity and immunotherapy based treatment strate-
gies [3]. Therefore, improving the effector function of tumor-
specific T cells is a key determinant for successful immunotherapy
against various types of cancers [4,5]. Immune checkpoint inhibitor
(ICI) therapy is one form of immunotherapy approach with limited
success rates in some cancers, including colorectal cancer [6–8].
Treatment with anti-PD1/PD-L1 antibodies is one such approach
that can modulate T cell functions in the TME [9] and factors such
as mutational burden, presentation of neoantigens, IFN-c gene sig-
nature, the ratio of CD8/Treg cells, etc., regulate the efficacy of the
treatment [10]. Tumors lacking such factors often fail to respond to
ICI therapy [11]. Currently, agents (examples: radiation therapy,
anthracyclines, and oxaliplatin) which can induce immunogenic
cell death (ICD) is gaining interest because these molecules can
improve the recruitment of T cells and activate antigen presenta-
tion by dendritic cells [12,13].

Acid ceramidase (N-acylsphingosine deacylase, EC 3.5.1.23) a
key enzyme in the sphingolipid metabolism, converts pro-
survival ceramide into sphingosine, which in turn is converted into
Sphingosine-1-Phosphate (S1P) [14,15]. A deficiency of ASAH1
activity resulted in Farber disease [16] and spinal muscular atro-
phy with progressive myoclonic epilepsy (SMA-PME) [17]. There
is an S1P-ceramide rheostat which is one of the mechanisms that
determines the fate of the cell, where S1P favors cell survival
[18]. ASAH1 is overexpressed in a subset of cancers such as head
& neck [19], prostate [20], pancreatic [21], AML [22], and GBM
[23]. There is an inverse correlation between ASAH1 expression
and tumor suppressor PTEN expression [24]. In colorectal cancer
(CRC), there is a correlation between heightened expression of
ASAH1 in epithelium and stroma in tumor samples and local recur-
rence rate [25]. In rectal cancer, ASAH1 modulates the sensitivity
to radiation therapy, and inhibiting ASAH1 expression enhances
radio sensitivity and apoptosis [26].

Here, we report that ASAH1 is highly overexpressed in CRC, and
targeting ASAH1 leads to the induction of immunological cell
death, enhanced antigen presentation, and mitochondrial stress.
Further ASAH1 inhibitor sensitizes colorectal cancer to an immune
checkpoint inhibitor, resulting in a better treatment response.
Methods

The sources of different reagents and kits were described in
supplementary methods.

Cell culture, chemicals and tissue microarrays

HCT116, SW480, SW620, and CT-26 cells were initially pro-
cured from American Type Culture Collection. HCT116, SW480,
and SW620 were maintained in DMEM and CT26 in RPMI, with
74
10 % fetal bovine serum and antibiotics. Cells were checked for
mycoplasma contamination at regular intervals using a kit from
Agilent. The CRC tissue microarrays were procured from US Bio-
max. LCL-521 was synthesized at The Lipidomics Shared Resource
of the Medical University of South Carolina (MUSC).

Animals

NOD.CB17-Prkdcscid/J mice (6–8-week-old, hereafter referred to
as NOD-SCID) and BALB/c (6–8 week old) mice were obtained from
Jackson laboratories (USA) and kept in individually ventilated
cages (IVCs) with standard rodent chow, water ad libitum, and a
12 h light/dark cycle. All the experiments were performed during
the light cycle. The animal experiment protocol got prior approval
from the Institutional Animal Ethics Committee (IAEC) of RGCB and
followed the rules and regulations prescribed by the Committee for
Control and Supervision of Experiments on Animals (CCSEA),
Government of India.

Immunohistochemistry (IHC)

IHC was done as described earlier with minor modifications
[27]. Tissue sections were first deparaffinized and hydrated using
descending grades of alcohol. For antigen retrieval, tissue sections
were dipped in citrate buffer (pH 6.0), followed by exposure to
steam heat. After cooling and subsequent washes, peroxidase
activity was inhibited using a peroxidase quencher from Pathnsitu
HRP/DAB detection system kit and blocked using an animal free
blocker. The primary antibodies for ASAH1 at 1:400 dilution, PCNA,
c-Myc, and cyclin D1 at 1:100 dilution each were added and incu-
bated overnight at 4 �C. The following day, tissue sections were
covered with poly excel target binder followed by poly excel HRP
using a kit from Pathnsitu HRP/DAB detection system kit. Counter-
staining was done with hematoxylin, and the tissue sections were
mounted with DPX. Images were captured using the Nikon Eclipse
Ni-E microscope at 20X magnification.

Cell proliferation assay

This was done using an MTT assay, as described earlier [28].
Briefly, 5�104 cells were plated in 96-well plates, and treated with
different concentrations of drug for indicated time points. 20 lL of
MTT (5 mg/mL) was added to each well and incubated for 4 h. After
removing the media, the formazan crystals were dissolved in
DMSO, and optical density was measured at 595 nm using a
spectrophotometer.

Annexin V FITC staining

The staining was done using a commercially available kit as per
the instruction of the manufacturer (Abgenex). Briefly, after the
LCL-521 treatment, cells were trypsinized and resuspended in 1X
binding buffer, and 5 lL Annexin-FITC was added and incubated
in the dark for 15 min at room temperature. This was followed
by the addition of 5 lL of Propidium Iodide (1 mg/mL) and
incubated in the dark for 5 min. The cells were filtered using
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40 lm cell strainer and analyzed in BD FACS ARIA-III flow
cytometer.
RNA extraction and quantitative RT-PCR (q-PCR)

The methodology as previously described was followed [29].
The primer sequences used were PSMB8 (F: ATGGCGTTACTG-
GATCTGTGC, R: CGCGGAGAAACTGTAGTGTCC), B2M (F:
TTCTGGTGCTTGTCTCACTGA, R: CAGTATGTTCGGCTTCCCATTC),
Anx A1 (F: AAGCAGGCCCGTTTTCTTGAA, R: GCAACATCCGAGGATA-
CATTGA), LGMN (F: TGGACGATCCCGAGGATGG, R: CGGTGGAT-
GATCTGGTAGGC). ASAH1 Sigma-Aldrich #NM_019734.
Plasmids and shRNAs

We used predesigned and validated shRNA glycerol stocks from
Sigma Aldrich to generate ASAH1 knockdown cells. The following
ASAH1 shRNA clones were used for mouse cell lines
(TRCN0000101471, TRCN0000101472, and TRCN0000101473)
and for human cell lines (TRCN0000029399 and
TRCN0000029402). The glycerol stocks were grown in ampicillin
containing LB broth, and plasmids were isolated using NucleoBond
Xtra Midi kit (MN). Transfection was carried out using a 3rd gener-
ation lentiviral transfection system. Selection of ASAH1 knock-
down cells (ASAH1-KD) was done using 2 lg/ml puromycin, and
knockdown efficiency was verified using kick-start primers
through qPCR analysis. TRCN0000101471 and TRCN0000029399
were selected for subsequent studies.
Determination of reduced glutathione (GSH)

Cells were lysed by repeated cycles of freeze-thawing and
mixed with 125 lL of 25 % TCA (Trichloroacetic acid) and cooled
on ice for 5 min, followed by further dilution by adding 600 lL
of 5 % TCA and then subjected to centrifugation at 3000g for
5 min to pellet down the precipitate. 150 lL of supernatant was
mixed with 350 lL of sodium phosphate buffer (0.2 M, pH 8.0)
and 1.0 mL of DTNB (Ellman’s Reagent) (5,5-dithio-bis-(2-
nitrobenzoic acid) (0.6 mM in 0.2 M, pH 8.0 phosphate buffer).
The yellow color obtained was measured at 412 nm against a blank
that contained 5 % TCA in place of supernatant. The GSH concentra-
tion was calculated and expressed as nmol/mg of protein [30].
Determination of glutathione peroxidase (GPx) activity

Glutathione peroxidase depletes H2O2 in the presence of glu-
tathione (GSH). The remaining.

GSH is measured using 5,5-dithio-bis-(2-nitrobenzoic acid)
(DTNB), which gives a colored complex. The reaction mixture con-
tained 50 lL (5 mM) GSH, 800 lL of 0.1 M phosphate buffer (pH
7.0) with 1 mM EDTA, 50 lL sodium azide (25 mM), 50 lL (10 %)
tissue/cell extract, and 50 lL of H2O2 (2.5 mM) in a total volume
of 1 mL for determining the enzyme activity after 10 min. The reac-
tion mixture was incubated at 37 �C for 10 min. The reaction was
stopped by the addition of 1.0 mL of 1.67 % of meta- phosphoric
acid and centrifuged for 15 min at 3000 rpm. To determine the
enzyme activity at zero minutes, 1 mL of 1.67 % meta-phosphoric
acid was added immediately to the reaction mixture before incu-
bation. To about 1 mL of supernatant, 1 mL of 0.4 M Na2HPO4

and 0.5 mL DTNB (1 mM) were added. Incubation was carried
out at 37 �C for 10 min, and absorbance was measured at
412 nm [31].
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Metabolomic analysis

The samples (10x106 cells) were lysed by freeze-thawing fol-
lowed by sonication. Proteins in the samples were precipitated
by resuspending the samples in 700 lL methanol. Subsequently,
600 lL of chloroform was added to each sample, followed by vor-
texing and centrifugation at 14,000 g for 15 min at 4 �C.The aque-
ous phase was transferred into a fresh tube and 600 lL of
acetonitrile was added, vortexed and incubated at �80 �C for 2 h.
The samples were centrifuged at 14, 000 g at 4� C for 20 min.
The resulting supernatant was then dried at room temperature
with the SpeedVac concentrator and reconstituted in a 100 lL sol-
vent containing 50 % methanol and 0.1 % formic acid. All the sam-
ples were analyzed in both reverse phase positive and reverse
phase negative acquisition modes. Liquid chromatography system
(ACQUITY UPLC) coupled to a Synapt G2 High-Definition MSTM

System (Waters) (HDMSE System) was used for untargeted meta-
bolomics analysis. The analytical column used was ACQUITY UPLC
HSS T3 1.8 lm 2.1 x 100 mm. For the Reversed-Phase Liquid Chro-
matography (RPLC) the mobile phase consisted of two solvent
components; aqueous solvent (A) containing 0.1 % formic acid in
water and organic solvent (B) containing 0.1 % formic acid in ace-
tonitrile for both positive and negative acquisition. The chromatog-
raphy gradient was 0 min, 1 % B; 1 min, 1 % B; 16 min, 100 % B;
20 min, 100 % B, and 22 min, 1 % B. Data were acquired in both pos-
itive and negative modes in resolution mode (MSE) with electro-
spray ionization. MassLynx4.1 SCN781 (Waters) was used for
data acquisition and Progenesis QI (Non-linear dynamics, Waters)
was employed for data analysis. The ion abundance was used for
the relative quantification of metabolites. An online mass correc-
tion was done using leucine encephalin for ESI positive and
([M + H] + =556.2766) and ESI negative ([M�H]- 554.2620) mode.
The databases used were KEGG- HMDB and MMDB. [32].
Realtime analysis of cellular energy metabolism

Seahorse XF Extracellular Flux Analyzer (Agilent Technologies)
was used to perform mito stress assay in a 96-well format. 2500
cells were plated per well in complete media and cells were treated
with different concentrations of LCL-521 after 24 h. The cells were
washed and incubated with assay medium (XF-DMEM containing
10 mM glucose, 1 mM pyruvate, and 2 mM L-Glutamate) for 1 h
at 37 �C and then incubated in a CO2-free incubator to guarantee
precise measurements of extracellular pH. OCAR and ECAR mea-
surements were taken following the manufacturer’s protocol. The
data were collected in basal condition and in response to 1.5 lM
oligomycin (OLI), 0.5 lM Fluorocarbonyl-cyanide-phenylhydra
zone (FCCP), and 0.5 lM rotenone/antimycin A (Rtn/AA) [33].
HMGB1 release assay

HMGB1 detection was done using the detection kit from
Elabscience. 2X105 cells were plated in 6 well plates, and after
LCL-521 treatment for 24hr culture, the supernatant was used for
the assay.
ATP release detection

The luminescent Cell Viability Assay kit from Pierce was used
for ATP detection as per the instructions of the manufacturer
(Promega). The culture supernatant was used to detect released
ATP and luminescence was measured using Varioskan LUX
multimode microplate reader.
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Reactive oxygen species (ROS) analysis

2X105 cells in 6 well plates were treated with LCL-521 for 24 h.
After the treatment, cells were stained with 5 lM H2DCFDA, incu-
bated in the dark for 30 min, cells are trypsinized and filtered
through a cell strainer, and analyzed in BD FACS ARIA-III flow
cytometer. For assays in the presence of N-Acetyl-L-cysteine
(NAC), the cells were pre-treated with 5 mM NAC for 2 h, followed
by drug treatment.

LDH assay

LDH Assay was done on cell culture supernatant to detect the
presence of LDH in the media of ASAH1 knockdown, and LCL-521
treated HCT116 and CT26 cells using EZcountTM LDH Cell Assay
Kit, following manufactures protocol (Himedia).

Cell cycle analysis

The analysis was done as described previously [27]. Briefly, cells
were plated at a density of 3 � 105 in a 6-well plate and after 24 h
cells were treated with LCL-521 for 24 h. The cells were stained
with propidium iodide (100 lg/mL) (Sigma) and analysis was car-
ried out by BD FACS ARIA-III system.

Cell migration assay

The analysis was done as reported previously [27]. Briefly, cells
(1�105) were plated in 12-well plates and allowed to reach 90 %
confluence. A wound was made using a 200 lL tip and the floating
cells were carefully removed through PBS washing. Further, cells
were treated with LCL-521 and the cells were monitored for the
rate of wound closure. 100X images were taken at 0, 24 and 48 h
using a phase contrast microscope.

Preparation of single cell suspension

The dissected tumor tissues were minced and treated with type
IV collagenase (2 mg/mL) for 2 hrs. After centrifugation, the pellet
was treated with trypsin, and after washing, the pellet was incu-
bated with RBC lysis buffer. After centrifugation, the suspension
was then passed through a 40 lm cell strainer to remove the debris
to make it a single cell suspension. The cells were then counted
using a hemocytometer, and cells were blocked with Fc block fol-
lowed by staining with different antibody cocktails (details are
given in supplementary methods) on ice for 1 h with intermittent
mixing to prevent cells from settling. The cells were analyzed in BD
FACS ARIA-III flowcytometer, and data analysis was done using
FlowJoTM v10.

Xenograft models in mice

HCT116 or CT26 cells (7x105 cells, 100 lL in serum free media)
were injected into the right flank of either NOD-SCID or BALB/c
mice. The animals were grouped into the following. Group I: Vehi-
cle (Double distilled water, 100 lL, i.p, daily), Group II: LCL-521
(50 mg/Kg body wt, i.p, daily), and Group III: ASAH1-KD cells. For
the combination study, BALB/c mice were injected with CT26 cells
(7 x105 cells, 100 lL volume in serum free media) to the right flank
and divided into the following groups: Group I: Vehicle (Double
distilled water, 100 lL, i.p, daily), Group II: LCL-521 (50 mg/Kg
body wt, i.p, daily) and Group III: anti-PD1 mouse antibody
(200 lg/dose/week, i.p) and Group IV: LCL-521 (50 mg/Kg body
wt, i.p, daily) and anti-PD1 mouse antibody (200 lg/dose/week, i.
p). Animals were sacrificed 18–20 days after tumor implantation,
tumors from the flank were excised, and the final tumor volume
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was measured as V = (length � width2) / 2, where V is the tumor
volume. A part of the tumor was used for single cell preparation;
another part was fixed in formalin and used for immunohisto-
chemical analysis; the remaining portion was snap frozen in liquid
nitrogen for protein and RNA extraction.

Transcriptomic analysis

RNA was extracted using RNeasy Mini Kit (details) following the
manufacturer’s protocol. The RNA quality assessment was done
using the RNA ScreenTape System in a 4150 Tape Station System.
1 lL RNA sample was mixed with 3 lL of RNA ScreenTape Sample
buffer, then heat denatured at 72 �C for 3 min, followed by imme-
diate placement on ice for 2 min. The sample was then loaded onto
the Agilent 4150 TapeStation instrument to determine the integ-
rity of RNA using the RNA integrity number (RIN) assigned by
the software. The sequence data were generated using Illumina
NovaSeq 6000 using fastp v0.20; sequence reads were processed
to remove adapter sequences and low quality bases. The QC passed
reads were mapped onto the Mus musculus genome using STAR v2
aligner. Using feature-counts software, gene level expression val-
ues were obtained as read counts. Spearman Rank Correlation
and Principal Components Analysis were used to check whether
the biological replicates are corroborating with each other with
respect to their expression profiles. Spearman Rank correlation is
used for Gaussian distribution, such as gene expression data which
shows negative binomial distribution. The biological replicates
were grouped as Reference and Test for differential expression
analysis. Differential expression analysis was carried out using
DESeq2 package after normalizing the data using the relative log
expression normalization method. Genes with absolute log2 fold
change � 1 and adjusted p-value � 0.05 were considered signifi-
cant. The UpSetR R package was used to generate plots showing
overlapping significant genes between conditions. The heat maps
were generated by using normalized expression values for each
sample for a given gene. Gene ontology and Pathway Analysis Over
representation analysis for biological process, Molecular function,
Cellular components, and KEGG Pathway was performed using
Cluster Profiler R Bioconductor package. Gene Ontology (GO) and
pathway terms with multiple test adjusted p-value � 0.05 are con-
sidered significant.

The upregulated gene signatures were calculated using online
software pantherDB.

Statistical analysis

The data were expressed as either mean ± SD or mean ± SEM
and statistical analyses were done using GraphPad Prism 10
(GraphPad software, CA, USA) between two groups were per-
formed either with unpaired two-tailed Student’s t-test or ANOVA.
p value < 0.05 was considered statistically significant. Chi-squared
tests to examine the association between ASAH1 expression and
clinical parameters and statistical analysis was performed using
STATA software, version 15 (Stata Corp, College Station, TX). All
reported p-values are two-sided and the significance level was
set at < 0.05.
Results

ASAH1 is upregulated in human CRC, murine colitis and CRC

To elucidate the role of ASAH1 in CRC, we first analyzed the
expression of ASAH1 using an immunohistochemical approach in
a human CRC tissue array. We used 212 adenocarcinomas and
matching adjacent normal samples. The descriptive characteristics
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of the study samples are shown in Supp Table 1. The staining was
done using an antibody specific to ASAH1, and scoring (scale of 1–
4) was performed in a blinded manner. We tested whether the
expression was associated with a cancer diagnosis in a logistic
regression model; control (adjacent normal) was considered the
outcome variable, and IHC expression levels 1 to 4 were the predic-
tor variable. Odds ratios and 95 % confidence intervals were com-
puted with and without adjustment for other variables, including
testing batch and sex. We noted that high levels of expression
are associated with an increased risk of being a case. Conversely,
colon tissues with high ASAH1 expression are 400 times more
likely to be diagnosed as cancerous than the adjacent normal
(Fig. 1 A and B and Supp Table 2). Next, the TCGA data set and
GTEx for normal samples were analyzed to check the expression
of ASAH1 in CRC. GEPIA box plots of key gene expression levels
showed that ASAH1 is significantly upregulated in CRC cases
(n = 275) as compared to normal (n = 349) samples (Fig. 1C). Hav-
ing confirmed that ASAH1 is upregulated in human CRC cases, we
further investigated the status of ASAH1 in murine cancer models.
From our tissue archives [28,34], we selected both frozen and FFPE
tissue samples of mouse DSS-induced colitis, Azoxymethane
(AOM) driven CRC and AOM induced DSS promoted colitis-
associated cancer (CAC) samples, and ASAH1 expression was ana-
lyzed using qRT-PCR and IHC. As shown in Fig. 1D (left panel),
ASAH1 mRNA levels were significantly increased in colitis, CRC,
and CAC samples. Similarly, IHC staining also demonstrated that,
compared to the normal colon, the ASAH1 expression is elevated
in AOM and AOM-DSS samples (Fig. 1D right panel). Taken
together, our data concludes that ASAH1 is overexpressed and
associated with the pathogenesis of CRC.
Knockdown of ASAH1 expression inhibited tumor growth in
immunocompetent mice

We sought to understand whether downregulating ASAH1
expression affected the tumor progression and decided on the
strategy to silence ASAH1 expression through a genetic and phar-
macological approach. ASAH1 stable knockdown cell lines
(HCT116 and CT26) were generated using a lentiviral approach
using different shRNA clones (Supp Fig. 1 A–B). To attain pharma-
cological silencing of ASAH1, we used LCL-521, a specific inhibitor
of ASAH1 [35]. Initially, HCT116 and CT26 WT (vector) and ASAH1-
KD cells were injected into NOD-SCID mice, and one group of mice
injected with WT cells was treated with LCL-521. Interestingly we
did not observe any significant regression in the tumor after ASAH1
silencing in immunodeficient mice strains (Fig. 2 A–B). This
prompted us to test the effect in immunocompetent (syngeneic)
mice model. Both ways of silencing ASAH1 significantly reduced
the final tumor volume and tumor weight indicating the role of
the host immune system in the process (Fig. 2C). Immunohisto-
chemical analysis of proliferative markers (PCNA and Cyclin D1)
and H&E staining was done in tumor samples. There was more pos-
itive PCNA and Cyclin D1 staining in vehicle-treated groups com-
pared to ASAH1-KD groups (Fig. 2D). This indicates that ASAH1
regulates cell proliferation by modulating PCNA and Cyclin D1
expression. We also analyzed the surface level expression of
CD45, CD11b, and CD8 in single-cell suspensions from tumor sam-
ples using FACS. CD11b is a key regulator of pro-inflammatory
immune responses within the tumor microenvironment and pre-
vents tumor progression [36]. Higher infiltration of CD8+T cells is
associated with improved survival in CRC patients [37]. We noticed
that expression of CD11b and CD8 were elevated after LCL-521
treatment and in ASAH1-KD group, further confirming that ASAH1
mediates the effect through modulation of the host adaptive
immune system (Fig. 2E).
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ASAH1 downregulation resulted in immunological cell death and
release of DAMPs in CRC cell lines

The in vivo studies indicating the involvement of adaptive
immune response prompted us to hypothesize that LCL-521 could
potentially induce immunological cell death (ICD). We first
checked the cytotoxicity of LCL-521 in different human and murine
CRC cell lines for 24hrs, and IC50 varies between the 20–40 lM
range (Fig. 3A). LCL-521 was found to be cytotoxic in all the tested
cell lines. Extracellular Lactate dehydrogenase (LDH) released due
to damage to the plasma membrane serve as a marker for apopto-
sis [38]. We measured the LDH levels and observed that LCL-521
treatment released more LDH as compared to vehicle treated cells
in HCT116, CT26 and SW 620 cell lines (Fig. 3B and Supp Fig. 2A).
The treatment with LCL also resulted in cell cycle arrest in SubG1
phase (Supp 2B-C). To further confirm it as apoptosis, we used
Annexin V-propidium iodide based staining of the cells. Flow
cytometry based quantification of the cell population indicated
that LCL-521 induced apoptosis in dose dependent manner
(Fig. 3C). To study the role of ASAH1 in cell migration, we per-
formed a wound healing assay for two time points (24 and
48hrs). We noticed a marked inhibition of migration potential in
cells treated with LCL521 as evident from the decrease in wound
closure area (Supp 3A-B). Based on these studies, we determined
the doses below the IC50 values for studying the ICD. We checked
the surface level expression of MHC II (HLA DR) involved with
APCs, and increased expression of MHC class II might increase
the recognition of a tumor by the host immune system. LCL-521
treatment resulted in an increased surface expression of MHC II
in HCT116 (Supp Fig. 4A) and CT26 (Fig. 3D- right panel) when
analyzed through flow cytometry. Similarly, we also observed that
MHC I (H2-Kb) expression was elevated in CT26 after ASAH1
silencing (Fig. 3D-left panel). Next, we analyzed the classical mark-
ers of ICD and the release of DAMPs [39,40]. Calreticulin (CRT) is an
ER-associated chaperone involved in MHC-I dependent antigen
processing. During ICD, CRT is expressed on the cell surface and
acts as a signal to APCs [41]. The LCL-521 treatment resulted in
an increased cell surface expression of calreticulin (Fig. 3E and
Supp Fig. 4B). While the cell is undergoing ICD; HMGB1, nuclear
non-histone chromatin-binding protein is released from the
nucleus into the surroundings of dying cells [42]. Using the ELISA,
we quantified the secretion of HMBG1 in CT26 cells and noticed an
increased secretion after LCL-521 exposure for 24 h (Fig. 3F). Con-
comitantly the induction of ICD is also associated with the secre-
tion of ATP from dying cancer cells to the extracellular milieu
[43]; we also observed the same in our ASAH1 silenced cells
(Fig. 3G and Supp Fig. 4C). These results, for the first time, con-
firmed that ASAH1 downregulation resulted in the induction of
ICD in CRC cell lines, leading to more activation of immune cells
and enhanced antigen presentation by APCs, thereby promoting
the antitumor immune response.

ASAH1 silencing alters the metabolome profiles in CRC cell lines

ASAH1 is a key enzyme in the sphingolipid metabolic pathways,
and it was very intriguing that silencing ASAH1 resulted in the
induction of ICD. To delineate a deep understanding of the role of
ASAH1, we decided to do metabolome profiling of cells after
ASAH1 inhibition. An untargeted metabolomic analysis was per-
formed for vehicle, ASAH1-KD, and LCL-521 treated CT26 and
HCT116 cells using RP-positive ion mode and RP-negative ion
mode. Total metabolic features (an ion with a unique retention
time and m/z value) identified are 2616 from CT26 (negative
mode), 3310 from HCT116 (negative mode), 4331 from HCT116
(positive mode), 3238 from CT26 (negative mode) (Fig. 4A). Online
analysis software MetaboAnalyst 5.0 was used for the analysis of



Fig. 1. ASAH1 is overexpressed in colorectal cancer. A: Representative images from immunohistochemistry analysis for ASAH1 in human colorectal cancer tissue
microarray 20X magnification. B: IHC score and ASAH1 percentage expression in human colorectal cancer tissue microarray C: ASAH1 gene expression analysis in colorectal
adenocarcinoma (COAD) using Gene Expression Profiling Interactive Analysis (GEPIA) based on the TCGA and GTEx database. Each box plot represents the gene expression
level in terms of log2 (TPM + 1) in the tumor (red, n = 275) and normal (blue, n = 349) samples, respectively. Normal tissues were matched TCGA adjacent tissue and GTEx
data. p value cutoff = 0.01. D: ASAH1 mRNA levels (fold change, left panel) and immunohistochemical analysis of ASAH1 (right panel) in colon samples from untreated, colitis
models, azoxymethane induced colon cancer, and azoxymethane induced DSS promoted colitis-associated cancer models. Chi-squared tests examine the association between
ASAH1 expression and clinical parameters. All reported p-values are two-sided and significance level was set at < 0.05 (for A). Statistical significance was calculated using
ANOVA ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the metabolomic data to find out the metabolites showing signifi-
cant changes in ASAH1-KD and LCL-521 treated groups when com-
pared to the vehicle. We observed that glutathione levels were
decreased when ASAH1 expression was inhibited in both CT26
and HCT116 cell lines. To confirm this, the levels of reduced glu-
tathione (GSH) and glutathione peroxidase (GPx) activity were
assayed in the cell lines. Interestingly both GSH and GPx were
reduced after LCL-521 treatment or knockdown of ASAH1
(Fig. 4B). Having seen this observation, we next analyzed the glu-
tathione pathways components in vivo and observed that the
GSH and GPx activity levels were significantly reduced in ASAH1
silenced groups (Fig. 4C). Inhibition of glutathione has resulted in
the excessive accumulation of ROS and oxidative stress [44]. Sev-
eral lines of evidence confirmed that ICD induction is associated
with excessive production of ROS and ROS-dependent ER stress,
which helps in efficient antigen presentation [45]. The cells were
exposed to LCL-521, and ROS levels were quantified after staining
the cells with H2DCFDA and analyzed using flow cytometry. LCL-
521 treatment resulted in a significant increase in ROS production.
Interestingly the effects were attenuated in the presence of a ROS
scavenger (NAC) (Fig. 4D. Hence ASAH1 inhibition resulted in the
decreased function of the glutathione system and subsequent acti-
vation of ROS production and subsequent activation of ICD.

Silencing ASAH1 induces mitochondrial stress

Mitochondria is an important hub in the activation of innate
immune responses to different stimuli. We were using a Seahorse
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XFe96 metabolic analyzer and assayed the OCR in CT26 and HCT
116 cells with either LCL-521 treatment or ASAH1 stable knock-
down. OCR measures the ability of the cells to consume oxygen
to produce ATP using mito stress assay kit. In CT26 cell line, treat-
ment with different doses of LCL-521 increased the OCR value;
however, in ASAH1-KD cells, it was almost inhibited. Subsequently,
we calculated basal respiration, maximal respiration, ATP produc-
tion, and spare respiratory capacity. All 4 parameters were
decreased, and the effects were more prominent in ASAH1-KD cells
(Fig. 4E–I). Similar trends were also observed in HCT116 cells
(Supp Fig. 5A–E). Based on these assays, we concluded that mito-
chondrial stress is associated with silencing the expression of
ASAH1. In this study, we used the same LCL-521 doses that were
found to induce ICD. As described in the previous section, the over-
all ATP production decreased after ASAH1 silencing; nevertheless,
the ATP secretion was increased during ICD.

Targeting ASAH1 enhanced the efficacy of anti-PD1 therapy in
colorectal cancer

CRC is considered a cold tumor with less infiltration of cytotoxic
T cells and the presence of tumor suppressive Treg population [46].
Converting cold tumors to immunogenically hot tumors has been
shown to demonstrate effective and measurable clinical outcomes
and checkpoint blockade is one such strategy [47]. Since LCL-521
was demonstrated to induce immunological cell death, we decided
to combine LCL-521 with an anti-PD-1 antibody to study the ther-
apeutic benefits using CT-26 syngeneic mouse model. As seen from



Fig. 2. Pharmacological or genetic silencing of ASAH1 inhibited colorectal cancer in syngeneic mouse models and not in immunodeficient mouse strains. A-C: NOD-
SCID mice were injected with HCT116 (A) or CT26 (B), and BALB/c were injected with CT26 (C) (vector or ASAH1-KD cells), and one group of vector transfected cells injected
group was treated with LCL-521. After sacrifice, tumor volume (left panel) and final tumor weight (right panel) were measured. Data expressed as mean ± S.D D:
Representative images from hematoxylin-eosin stained sections and immunohistochemistry analysis for PCNA and Cyclin D1. E: Flow cytometric analysis of the indicated cell
populations from tumor samples obtained from different treatment groups. Data expressed as mean ± S.D. Statistical significance was calculated using t-test **p < 0.005,
***p < 0.001.
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the final tumor volume and weight, the combination therapy
resulted in further inhibition of tumor growth when compared to
the individual treatments. (Fig. 5A). The expression of different
proliferative markers using the immunohistochemical method
(PCNA, Cyclin D1, and c-Myc) and H&E staining was done in FFPE
sections (Fig. 5B). The expression of proliferative markers were
decreased in LCL treated groups. The single cell suspensions were
prepared from tumor samples and subjected to flow cytometric
analysis after staining with various marker antibodies. CD11b
was significantly upregulated in the combination group (Fig. 5C).
The CD8 + T cell infiltration was elevated in the LCL-521 monother-
apy and combination group, further supporting our earlier obser-
vation that silencing ASAH1 resulted in increased recruitment of
CD8 T cells into the tumor microenvironment (Fig. 5D). To further
understand the role of ASAH1 in infiltrating T cells, we performed
intracellular cytokines staining for cytotoxic T-cell effector mole-
cules such as interferon-gamma (IFN-c) and granzyme B (GZB) in
CD8 T cell population. Both are dramatically upregulated in LCL-
521 treated groups (Fig. 5E–F). Taken together, these results sug-
gest the impact of ASAH1 on immunotherapy outcomes.
79
ASAH1 silencing relieves the immunosuppression in colorectal cancer

The tumor microenvironment is mostly immunosuppressive in
nature, which contributes to a greater extent of therapeutic resis-
tance, and targeting this could make the immunologically cold
tumors into immunoreactive tumors. We analyzed the expression
of MDSCs (CD11b+F4/80-Ly6C+/Ly6G+) because they are known to
be upregulated in tumors with robust immunosuppressive func-
tion [48]. We found that the monocytic subset (Ly6C + ) was signif-
icantly reduced in all the treatment groups (Fig. 6A). The Treg
population [49] was also evaluated, and CD4+FoxP3+ expression
was significantly downregulated in the combination group
(Fig. 6B). We also calculated the ratio of CD8 + T cells to FoxP3
and found that ratio was significantly increased in LCL-521 treated
groups (Supp Fig. 6A). Multiple studies using different cancer sub-
types, including CRC, showed that a higher CD8 to FoxP3 ratio
favors better overall survival and is an independent predictor of
clinical benefit with PD-1 inhibition [50]. Tumor-associatedmacro-
phages (TAMs) can be either pro- or anti-inflammatory in nature.
When we analyzed CD11b+F4/80+ macrophages, we observed a



Fig. 3. Silencing of ASAH1 induces immunological cell death and MHC activation in colorectal cancer cell lines. A: Different mouse and human CRC cell lines were
treated with LCL-521, and cytotoxicity was analyzed for 24 hrs. B: The secretion of LDH was measured in cell supernatants after 24 h in CT 26 (left panel) and HCT116 (right
panel) cell lines after treatment with LCL-521. C: The cells, after treatment with LCL-521, were stained with Annexin V FITC and PI, and live and apoptotic populations were
analyzed using FACS. D: Flowcytometric analysis of MHCI and MHCII positive cell population in CT26 wild type cells treated with indicated doses of LCL-521 for 24 hr, and
CT26-ASAH1-KD cells E: The surface level expression of calreticulin was analyzed by flow cytometry in CT26 cell lines and expressed as % of the parent population. F: The
secretion of HMBG1 (pg/ml) was assayed in CT26 cell lines by ELISA. G: The release of ATP was assayed using a luminescence based method. Data expressed as mean ± S.D.
Statistical significance was calculated using ANOVA *p < 0.05, **p < 0.005, ***p < 0.001.
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striking upregulation in all the treatment groups (Fig. 6C). The
macrophages are important for the clearance of cell debris, and
we observed significant cell death in treatment groups; hence we
presumed that the observed increase in F4/80 + cells is favoring
the host immune system in eradicating the tumor. To confirm,
we checked the expression M1 macrophage markers (CD11b,
CD80, CD86, and iNOS), and there was an upregulation of these
markers after LCL-521 treatment. This further confirms that silenc-
ing ASAH1 increased the M1 macrophage population (Supp
Fig. 6B–D). To elucidate the potential association between ASAH1
and immune cell infiltration, we selected 300 samples from the
TCGA data set for COAD and selected 10 % of patients who showed
high and low expression of ASAH1. The levels of M1, and M2
macrophages and Treg were analyzed using TIMER 2.0 database.
The results demonstrated that expression of ASAH1 positively cor-
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relates with Treg and M2Macrophages infiltration but not with M1
macrophages (Supp Fig. 6E–G). This indicates that ASAH1 can
modulate intra-tumoral M1/M2 balance, and inhibiting ASAH1
shifts the equilibrium towards a more pro-inflammatory M1 phe-
notype, thereby increasing the antitumor response. Several studies
have shown that increased levels of M2 macrophages are associ-
ated with decreased survival of patients in different cancer types
[51,52]. Next, we performed a quantitative gene expression of a
subset of genes known to be involved in antigen presentation
and MHC function (B2N, PSMB8, CD74, LGMN). The selected panel
of genes was significantly upregulated in LCL-521 treated groups
(Fig. 6D). These results unequivocally confirmed that targeting
ASAH1 reprograms the highly immunosuppressive tumor microen-
vironment into an immunoreactive phenotype leading to the inhi-
bition of the tumor.



Fig. 4. ASAH1 inhibition resulted in mitochondrial stress, a decrease in the glutathione system, and ROS production. A: Metabolomic analysis of CT26 (left panel) and
HCT116 (right panel). Heat map of differential metabolites (upregulated and downregulated) identified through metabolomics analysis and metabolic pathway analysis. In
the heat map, the row displays metabolite, and the column represents the samples (in triplicate). B-C: Analysis of total GSH and GPx levels in CT26 cell lines (B) and in tumor
samples (C) from the BALB/c model. D: The ROS production was assayed using flow cytometry in the presence of LCL-521 or in combination with NAC after 24hr of treatment.
E-I: Oxygen Consumption Rate (OCR) measurements were calculated over a period of time (min) using a Seahorse analyzer in the CT26 cell line. E: oxygen consumption rate
(OCR), F: basal respiration; G: maximal respiration; H: ATP production; I: spare respiratory capacity, calculated as the difference between maximal and basal OCR. Data
expressed as mean ± S.D. Statistical significance was calculated using ANOVA *p < 0.05, **p < 0.005, ***p < 0.001.
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Fig. 5. LCL-521 sensitizes colorectal cancer to PD-1 antibody therapy in syngeneic mouse tumor model. A: BALB/c mice were injected with CT26 and treated with either
LCL-521 or PD-1 antibody or in combination. The final tumor volume in mm3 (left panel) and tumor weight in grams (right panel). B: Representative images of H&E-stained
sections. Proliferative markers such as c-Myc, PCNA, and Cyclin D1 expression were evaluated using immunohistochemistry. C-F: Single cell suspensions from tumors
obtained from the experimental groups were stained with the indicated antibodies and analyzed by flowcytometry. The left panels show a representative contour plot per
experimental group. The bar graph on the right panel is the average of 3–4 mice in each group. CD11b levels are shown in C. and CD8 + T cell infiltration in D. The intracellular
cytokine staining of cytotoxic T-cell effector molecules IFN-c (E) and granzyme B (GZB) (F) levels in tumor samples from the experimental groups were analyzed using
flowcytometry and expressed in percentage population of CD8 + T cells. Data expressed as mean ± S.D. Statistical significance was calculated using ANOVA *p < 0.05,
**p < 0.005, ***p < 0.001.
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Fig. 6. LCL-521 inhibited the expression of MDSCs and Tregs and activates macrophage recruitment and the expression of genes involved in antigen presentation. A-B:
MDSCs (A) and Tregs (B) expression were analyzed in tumor samples using flow cytometry. C: The macrophage recruitment was assessed based on the staining with
CD11b + F4/80 + markers. D: The expression of genes was analyzed in the tumor samples from the experimental groups by q-RT PCR. GAPDH served as the housekeeping gene.
Data expressed as mean ± S.D (A, B, C) and mean ± SEM (D). Statistical significance was calculated using ANOVA *p < 0.05, **p < 0.005, ***p < 0.001.
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Fig. 7. LCL-521 treatment induces type I and II interferon response in the tumor microenvironment. A: Venn diagram and a table summarizing the differentially
expressed genes and overlap of significantly differentially expressed genes in different treatment groups. B: The top upregulated functional pathways determined by Gene
Ontology analysis in the LCL-521monotherapy and LCL-521 + PD1 combination groups. C: Heatmap showing expression of type I and II interferon (IFN) response genes, which
were significantly upregulated. D: GSEA of IFN a and c in LCL-521 monotherapy group. E: GSEA of IFN a and c in LCL-521 + PD-1 combination group (NES, normalized
enrichment score; FDR, false discovery rate).
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LCL-521 treatment resulted in a strong type I and II IFN response
within the tumor milieu

At this juncture, we performed an RNA sequencing analysis to
elucidate a detailed understanding of various pathways that get al-
tered during LCL-521 treatment. The differential gene expression
patterns are given in Fig. 7A. We noticed a striking upregulation
of type I and II interferon response after LCL-521 treatment. When
the pathway analysis was done, the top functional gene categories
were related to the cellular response to interferon-beta and Cellu-
lar response to interferon-gamma in LCL-521 alone treated group
and in combination group (Fig. 7B). The heatmap of a subset of
genes differentially expressed were shown in Fig. 7C. The major
class of genes (Ifnb1, Mx1, Oas1g, Oas3, Irf7, CCl5, IsG15, Xaf1,
Rsad2 etc.) were involved in the cellular processes such as modu-
lation of antiviral immunity, production of cytokines and chemoki-
nes, T cell costimulatory molecules and immune cell activation and
function. To further characterize the biological processes underly-
ing the transcriptional changes, gene set enrichment analysis
(GSEA) analysis was performed using the MSigDB hallmark gene
set collection [53]. From the analysis, we noticed a profound
enrichment of ‘‘IFN a and c response” and many other immune
related and inflammatory pathways (Fig. 7D–E). GSEA analysis
was performed on RNA sequencing samples to assess the altered
gene sets in all the treatment groups compared to the control
group. We found that the treatment with LCL-521 alone signifi-
cantly enriched IFN-a and IFN-c signaling. This is further increased
in combination with the PD-1 antibody. The significantly upregu-
lated pathways, according to GSEA analysis, are shown in Suppl
Table 3–4. This shows that the blockade of ASAH1 signaling alone
can impact the tumor microenvironment by increasing CD8 + T cell
infiltration and higher IFN signaling.
Discussion

Acid ceramidase, which converts ceramide to sphingosine, was
found to be overexpressed in different types of cancer. In this
study, we demonstrated that ASAH1 provided survival advantages
to tumor cells by modulating the tumor microenvironment. In
vitro studies confirmed that inhibition of ASAH1 resulted in
immunological cell death and activation of MHC molecules. The
syngeneic tumor models confirmed that LCL-521 treatment
enhanced the infiltration of CD8 + T cells and M1 macrophages. A
study by Junior et al showed that treatment of macrophages with
ceramide increased expression of the CD68 (a marker of M1pheno-
type) and inhibited the expression of the CD163 (M2 marker) and
IL-10 secretion indicating that ceramide can prevent M2 polariza-
tion [54]. A decrease in ceramide levels promotes Treg differentia-
tion and interferes with the cytotoxic activity of CD8 + T cells [55].
In a mice model where ASAH1 is silenced in T cells, increased accu-
mulation of ceramide enhanced the cytotoxic potential of CD8 T
cells [55]. These two studies support our observation of the effect
of ASAH1 in CD8T cells.

Together with the induction of ICD, we also noticed that silenc-
ing of ASAH1 resulted in mitochondrial stress, increased the pro-
duction of ROS and ATP secretion, and impairment of the
glutathione system. Several studies have independently confirmed
that mito stress led to the activation of the innate immune
response, mtDNA can act as DAMP leading to the induction of
interferon response in human and mice models [56]. In pancreatic
cancer cells, also knockdown of ASAH1 resulted in mitochondrial
dysfunction, ROS production, and apoptosis [21]. More studies
are required to elucidate a detailed mechanism of ASAH1 depen-
dent regulation of mitochondrial function.
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In tumors with low immune response, a combination of ICD
inducers and checkpoint inhibitor-based therapy is gaining wide
attention. In lung cancer, co-administration of the ICD-inducing
chemotherapeutics (oxaliplatin and cyclophosphamide) sensitized
the tumors to anti-PD1 and anti-CTLA4 therapy [57]. Dinaciclib, a
CDK inhibitor and ICD inducer, sensitized the mouse tumors to
anti-PD1, which resulted in increased T cell infiltration and DC
activation [58]. Currently, several clinical trials are ongoing with
a combination of checkpoint inhibitors and ICD inducers [13]. Tar-
geting sphingolipid metabolizing enzymes is gaining considerable
interest in the development of new therapeutics against cancer
due it its multifaceted role in cellular metabolism [59]. Sphin-
golipid analysis of therapy resistant tumors reported decreased
levels of ceramides. Considering the established role of ceramides
in cell death in resistant tumors elevating the levels of ceramides
will make them susceptible to therapy [60]. Targeting ASAH1 will
be one such approach because this enzyme converts Ceramide to
Sphingosine.

Conclusion

In conclusion, for the first time, our study demonstrates that
ASAH1 is overexpressed in colorectal cancer, and silencing the
expression resulted in the induction of ICD, decrease in glutathione
system, Increase in mitochondrial stress, and ROS production. The
ASAH1 inhibitor (LCL-521), either as monotherapy or in combina-
tion with an anti-PD-1 antibody, resulted in (a) better regression
of tumors; (b) an activation of M1 macrophages and T cells; (c)
which led to enhanced infiltration of cytotoxic T cells and (d) sup-
pression of MDSCs and Tregs and (e) induction of type I and II IFN
response. Our findings provide strong pre-clinical efficacy data for
the combination of LCL-521 and ICIs, which led to the sensitization
of immunologically cold tumors into immune reactive hot tumors.
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