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ATP-citrate lyase (ACLY) links carbohydrate and lipid
metabolism and provides nucleocytosolic acetyl-CoA for pro-
tein acetylation. ACLY has two major splice isoforms: the full-
length canonical “long” isoform and an uncharacterized
“short” isoform in which exon 14 is spliced out. Exon 14 en-
codes 10 amino acids within an intrinsically disordered region
and includes at least one dynamically phosphorylated residue.
Both isoforms are expressed in healthy tissues to varying de-
grees. Analysis of human transcriptomic data revealed that the
percent spliced in (PSI) of exon 14 is increased in several
cancers and correlated with poorer overall survival in a pan-
cancer analysis, though not in individual tumor types. This
prompted us to explore potential biochemical and functional
differences between ACLY isoforms. Here, we show that there
are no discernible differences in enzymatic activity or stability
between isoforms or phosphomutants of ACLY in vitro. Simi-
larly, both isoforms and phosphomutants were able to rescue
ACLY functions, including fatty acid synthesis and bulk histone
acetylation, when re-expressed in Acly knockout cells. Deletion
of Acly exon 14 in mice did not overtly impact development or
metabolic physiology nor did it attenuate tumor burden in a
genetic model of intestinal cancer. Notably, expression of
epithelial splicing regulatory protein 1 (ESRPI) is highly
correlated with ACLY PSI. We report that ACLY splicing is
regulated by ESRPI. In turn, both ESRPI expression and ACLY
PSI are correlated with specific immune signatures in tumors.
Despite these intriguing patterns of ACLY splicing in healthy
and cancer tissues, functional differences between the isoforms
remain elusive.

First noted by Otto Warburg almost 100 years ago, cancer
cells have an altered metabolic phenotype compared to healthy
cells (1). To survive and proliferate, tumor cells must synthe-
size macromolecules and maintain energy and redox balance
under conditions that are often nutrient- and oxygen-poor,
requiring coordinated reprogramming of cellular metabolism.
One mechanism to achieve this favorable reprogramming is
alternative splicing of metabolic enzymes. RNA splicing is a
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tightly controlled process; in cancer, aberrant splicing consis-
tently occurs in ways that promote transformation (2). Spe-
cifically, enzymes which are considered as metabolic
“gatekeepers” are often alternatively spliced in cancer, such as
glutaminase in glutamine metabolism (3), ketohexokinase in
fructose metabolism (4), and pyruvate kinase in glycolysis (5).
A particularly relevant example is the PKM2 isoform of py-
ruvate kinase, which is preferentially expressed in cancer and
other proliferating cells (5). Compared to PKM1, the PKM2
isoform has altered biochemical activity, undergoes different
post-translational modifications, and may translocate to the
nucleus and interact with specific transcription factors, all of
which modulate glycolytic flux to support proliferation and
tumorigenesis (5-8). Small molecules that modulate PKM2
activity to resemble PKM1 can change the metabolic profile of
cancer cells in culture and inhibit growth of tumors in vivo,
demonstrating the potential utility of isoform-specific thera-
pies (9). While targeting metabolic enzymes to treat cancer is
gaining traction (10), the biological and therapeutic roles of
specific splice isoforms are often overlooked.

ATP-citrate lyase (ACLY) catalyzes the cleavage of extra-
mitochondrial citrate into acetyl-CoA and oxaloacetate, thus
providing a major source of nucleocytosolic acetyl-CoA in the
cell. In the cytosol, acetyl-CoA is used for lipid synthesis, while
the availability of acetyl-CoA in the nucleus corresponds to
histone acetylation and subsequent changes in gene expression
(11). ACLY has been investigated as a potential therapeutic
target for metabolic diseases and cancer, and several ACLY
inhibitors have been developed (12-15). Bempedoic acid in-
hibits hepatic ACLY and is FDA approved to treat hypercho-
lesterolemia and has been shown to reduce adverse cardiac
events (16). ACLY is overexpressed in several tumor types
(17-19), and inhibition or knockout (KO) impairs lipid syn-
thesis and tumor growth in vivo (19-23).

ACLY is a homotetramer with an intrinsically disordered
region (IDR) which is unresolved in the cryo-electron micro-
scopy structure of the intact human protein (24), but its
location can be approximated using AlphaFold (Fig. 14). This
IDR spans amino acids 429 to 493 within the human and
mouse sequences and includes 10 amino acids encoded by the
cassette exon 14 (Fig. 1B). The IDR is host to several known
regulatory phosphorylation sites. Serine 455 is phosphorylated
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Figure 1. A “short” ACLY isoform is expressed in human and mouse tissues. A, structure of ACLY (PDB: 6UUZ) and schematic of the intrinstically
disordered region (IDR) including sequence alignment. Residues flanking the IDR are indicated with black dots. B, schematics of ACLY splicing and percent
spliced in (PSI) of ACLY exon 14. C, RT-PCR of ACLY splice isoforms in human cancer cell lines. PSI is reported in parentheses. D, RT-PCR of ACLY splice
isoforms in tissues from ad lib fed 10- to 12-week-old C57BL/6J mice. Average and standard deviation of PSI for each organ is reported in parentheses. ACLY,

ATP-citrate lyase.

by AKT and PKA in response to insulin stimulation (25), DNA
damage (26), and during brown fat adipogenesis (27) and is a
prerequisite for phosphorylation of threonine 477 and serine
451 by GSK3 (28). Within the exon 14-encoded region, serine
481 phosphorylation has been detected in several phospho-
proteomics studies in the context of the cell cycle (29-31),
cancer (32, 33), differentiation (34), and various signaling
pathways (35-37). While the IDR, including exon 14, is well-
conserved in mammals, it is markedly less conserved in
other vertebrates (Fig. 1A) and quite variable in invertebrates
(not shown), suggesting its functions are specific to mamma-
lian physiology.

In this study, we evaluated the functional differences of the
ACLY isoforms with (long) and without (short) exon 14 in
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mice and in cells and their biochemical activities in vitro.
Analysis of human transcriptomic data revealed that the pro-
portion of long isoform is increased in several cancers and
correlated with poorer overall survival in a pan-cancer analysis.
Despite this correlation, the two ACLY isoforms did not show
detectable differences in enzymatic activity or stability in vitro
or phenotypic differences in cells or mice. However, we found
that the ACLY splicing pattern is correlated with the expres-
sion of epithelial splicing regulatory protein 1 (ESRPI) and that
ACLY splicing is regulated by ESRP1. Together, these data
reveal the expression of two ACLY splice isoforms in mouse
and human tissues and indicate that ACLY is a component of
the splicing program mediated by ESRP1, a factor that has
been implicated in tumor progression.
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Results
A “short” ACLY isoform is expressed in human and mouse

To investigate the potential for ACLY splicing regulation
across tissues, we examined the Vertebrate Alternative
Splicing and Transcription Database (VastDB) (38). Four
alternative splicing events are reported in addition to exon 14
skipping; two do not impact the protein-coding region (both in
5" UTR) and the remaining two cause a frameshift that results
in a truncated, nonfunctional protein. Regarding exon 14, both
long and short ACLY isoforms are expressed across human
tissues, with relatively low percent spliced in (PSI, see Fig. 1B)
in kidney (43%) and much higher PSI in whole brain (82%)
(Fig. S1A). To detect ACLY isoforms in cells and tissues, RT-
PCR primers were designed to flank exon 14 (Fig. S1B). The
PCR products from the isoforms could then be resolved on an
agarose gel (Fig. S1C). Both isoforms, though primarily the
long isoform, were detected in a panel of human cancer cell
lines (Fig. 1C). Consistent with human transcripts reported in
VastDB, the long and short isoforms were clearly detected in
several normal mouse tissues, with kidney and liver having the
lowest Acly PSI and brain having the highest PSI among tissues
assayed in both males and females (Fig. 1D). Additionally,
there do not appear to be sex-based differences in ACLY
isoform expression.

High ACLY PSI across cancers is associated with poor patient
outcomes

Since ACLY has been shown to support tumor growth, we
used data from The Cancer Genome Atlas (TCGA) to form
hypotheses about the function of ACLY splice isoforms. Both
ACLY PSI and overall expression were consistently elevated
across most tumor types compared to normal tissue (Fig. 2, A
and B). No clear differences in ACLY PSI were observed with
the stage of the tumor, suggesting that this splicing shift may
be an early event in tumorigenesis (Fig. S24). When all tumors
are stratified by high PSI (upper quartile) and low PSI (lower
quartile), patients with high PSI tumors have worse survival
outcomes (Fig. 2C). This trend is not seen when a similar
analysis is done by stratifying based on overall ACLY expres-
sion (Fig. 2D). Looking at each isoform individually, most tu-
mor types tend to have upregulated long isoform compared to
normal tissue, while the short isoform is usually unchanged or
in some cases downregulated (Fig. S2, B and D), suggesting
that the increased ACLY PSI seen in tumors is mostly driven
by the long isoform. Survival analysis of patients stratified by
expression of individual isoforms echoed the trend of high PSI
correlation with worse outcomes (Fig. S2, C and E), but PSI
stratification showed the greatest difference (Fig. 2C). There-
fore, we continued to use PSI as our primary metric of ACLY
splicing. Together the data indicate that ACLY PSI increases
across multiple cancer types, and when considering all cancers,
higher PSI correlates with poorer survival.

We next asked whether the relationship between PSI and
patient survival held within specific tumor types, finding that
the correlation between PSI and survival is not apparent when
looking at individual tumor types (Fig. S2F). Within a
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particular tumor type, cases have almost exclusively either high
ACLY PSI (e.g, lung, ovarian, and colon) or low ACLY PSI (e.g,
prostate, liver, and kidney) (Fig. 2E). In contrast, total ACLY
expression is much more variable (Fig. 2F). In other words,
there is little variation in PSI within each tumor type, which
may explain why analyzing ACLY splicing in individual cancers
does not yield similar trends as a pan-cancer analysis. Alter-
natively, the trends observed in the pan-cancer analysis might
simply reflect that cancers with low rates of patient survival are
those with high ACLY PSL

ACLY isoforms and phosphomutants have similar biochemical
properties in vitro and rescue functions comparably in Acly
KO cells

We next investigated whether ACLY isoforms possess
functional differences. First, to determine if exon 14 inclusion
impacted ACLY enzymatic activity, human recombinant long,
short, S481D (phosphomimic) and S481A (phosphorylation
preventing) ACLY species were purified from E. coli (Fig. 3A)
and their relative catalytic activities and stabilities evaluated.
Each protein had similar relative catalytic rates (Fig. 3B), and
the isoforms had nearly identical Michaelis—Menten kinetics
with respect to citrate (Fig. 3C). After curve fitting using
GraphPad Prism, the K, for the long and short isoforms was
88.0 UM [60.8, 124.8] and 80.9 pM [57.8, 111.5]; ke, was
3.36 57! [3.07, 3.67] and 3.26 s~ [3.02, 3.53]; and Kk.../K,, was
0.0381 uM ' s7 and 0.0403 uM ' 57, respectively. Differential
scanning fluorimetry showed that these constructs had similar
in vitro thermal stabilities (Fig. 3D), and limited proteolysis
with chymotrypsin suggested that the presence of exon 14 did
not significantly alter the protease susceptibility of the struc-
tured domains (Fig. 3E). Thus, exon 14 inclusion or exclusion,
or S481 phosphomutants, do not impact the inherent
biochemical properties of ACLY.

We considered the possibility that ACLY splicing might
impact functions that are not captured in vitro, such as
protein—protein interactions, employing a cell-based system to
evaluate if exon 14 and/or S481 phosphorylation affect known
cellular functions of ACLY. To this end, we re-expressed
mCherry-tagged human ACLY long and short isoforms, and
S481D and S481A mutants, in Acly-null mouse embryonic fi-
broblasts, which we previously characterized (39) (Fig. 44).
Upon genetic deletion of Acly, these cells upregulated ACSS2,
which can generate acetyl-CoA directly from acetate and fa-
cilitates metabolic compensation. Re-expression of both iso-
forms and phosphomutants similarly suppresses ACSS2
(Fig. 4A). Each protein exhibited similar localization within
cells, with primarily cytosolic but also detectable nuclear
localization (Fig. 4B). Long, short, S481D, and S481A ACLY
similarly rescued cell proliferation (Fig. 4C), de novo palmitate
synthesis from uniformly labeled '*C-glucose (Fig. 4D), and
bulk histone acetylation (Fig. 4E), indicating that the ACLY
isoforms or S481 phosphomutants function comparably to
produce acetyl-CoA in cells. ACLY uses citrate derived from
the mitochondria, and in some models, such as embryonic stem
cells, ACLY expression can determine citrate oxidation in the

J. Biol. Chem. (2024) 300(7) 107418 3
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Figure 2. High ACLY PSI across cancers is associated with poor patient outcomes. A and B, comparison of ACLY (A) PSI and (B) total expression in
normal and tumor samples from TCGA. Groups were compared using two-tailed t test. ns (p > 0.05), p < 0.05 (¥), p < 0.001 (***), and p < 0.0001 (****). C and
D, Kaplan-Meyer survival curves of TCGA patients stratified by upper (high) and lower (low) quartile ACLY (C) PSI and (D) total expression, where dotted lines
indicated time at 0.50 survival probability. Groups were compared using log-rank test. £ and F, binning of TCGA patients into high and low ACLY (E) PSI and
(F) total expression. ACLY, ATP-citrate lyase; PSI, percent spliced in; TCGA, The Cancer Genome Atlas.

canonical TCA cycle versus export in the citrate—malate
shuttle. This shift in citrate utilization can be monitored by
the ratio of malate m + 2 to citrate m + 2 labeling from uni-
formly labeled '*C glucose (40). We therefore addressed the
potential impact of ACLY splicing on TCA metabolism.
However, no significant differences were observed in TCA
cycle labeling in mouse embryonic fibroblasts expressing short-

4 Biol. Chem. (2024) 300(7) 107418

or long-isoform ACLY, or ACLY S481A, or S481D mutants,
compared to ACLY-deficient mCherry controls (Fig. S3A4).
Since differences in ACLY splicing patterns is observed in
tumors versus normal tissues (Fig. 2), we re-expressed each
isoform in an Acly KO mouse hepatocellular carcinoma cell
line (41) to better investigate cancer-specific phenotypes
(Fig. S3B). Both isoforms rescued cell proliferation (Fig. S3C)

SASBMB
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Figure 3. ACLY isoforms and phosphomutants have similar properties in vitro. A, coomassie blue-stained SDS-PAGE of ACLY purified from E. coli. B,
relative activity of purified ACLY using an MDH-linked assay. Data points represent technical replicates. C, Michaelis—-Menten kinetics of long and short ACLY
with respect to citrate. Data points represent technical replicates. D, differential scanning fluorimetry melt curves of ACLY in triplicate (left). Calculated T,,
from sigmoid fitting (right). Two-tailed t tests between each pair was not significant (p > 0.05). E, Coomassie-stained SDS-PAGE of long and short ACLY after
digestion with 1:50 M equivalent of chymotrypsin for indicated time points. ACLY, ATP-citrate lyase; NEC, no enzyme control.

and histone acetylation in these lines (Fig. S3B). The ratio of
malate m + 2 to citrate m + 2 labeling from uniformly labeled
13C glucose was again unaffected by ACLY isoform re-
expression (Fig. S3D). Additionally, since tumors in vivo are
often hypoxic (42, 43), we also measured TCA metabolites
under both normoxia and hypoxia (1% O,) in the hepatocel-
lular carcinoma cells. Abundance of TCA cycle intermediates,
including citrate and malate, was suppressed under hypoxia.
Re-expression of either the long or short ACLY isoform low-
ered levels of ACLY’s substrate citrate in both hypoxia and
normoxia (Fig. S3D). Minimal changes in malate and o-keto-
glutarate were observed with ACLY expression. In summary,

SASBMB

the effects of ACLY activity on TCA cycle metabolism appear
agnostic to ACLY splicing (Fig. S3D).

Acly exon 14 deletion in C57BL6/J mice minimally affects
metabolic physiology

To address potential systemic function(s) of ACLY splicing,
we generated Acly exon 14 KO mice on a C57BL/6 back-
ground (Fig. S4A4). ACLY is an essential metabolic enzyme, and
germline deletion of Acly is embryonic lethal (44). In contrast,
Acly exon 14 KO mice were born in expected Mendelian ratios
and appeared grossly normal. Glucose tolerance test (GTT)

J. Biol. Chem. (2024) 300(7) 107418 5
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Figure 4. ACLY isoforms and phosphomutants rescue function in Acly knockout cells. A, Western blot of mouse embryonic fibroblasts (MEFs) with Acly
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in palmitate after 48 h incubation with uniformly labeled 'C glucose. Each

point represents a biological replicate. Groups were compared using one-way

ANOVA. Differences between ACLY addback cell lines were not statistically significant (p > 0.05). E, Western blot and ponceau stain (bottom) of acid-
extracted histones. ns (p > 0.05), p < 0.05 (*), p < 0.01 (**). ACLY, ATP-citrate lyase; KO, knockout.

and insulin tolerance test (ITT) (Figs. 5, A and B and S4B)
revealed no differences between exon 14 KO and WT mice.
ACLY is upregulated in fat and liver response to carbohydrate
feeding and suppressed by high fat (45, 46), and some Acly-

6 . Biol. Chem. (2024) 300(7) 107418

dependent phenotypes in mice are not apparent unless the
mice are challenged by high levels of carbohydrates (45-47).
We therefore challenged exon 14 KO and WT mice with a
zero-fat, high sucrose diet (ZFD) for 4 weeks. We previously

SASBMB
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Figure 5. Acly exon 14 deletion in C57BL/6J mice minimally affects metabolic physiology. A, glucose tolerance test on 6- to 8-week-old mice, n = 8 per
group. B, insulin tolerance test on 7- to 9-week-old mice, n = 8 per group. C, fractional synthesis of fatty acids in gonadal white adipose tissue of female mice
after 4 weeks on ZFD (11-13 weeks old). D,O was administered for 48 h, and fractional synthesis was calculated. Differences between WT and KO mice were
not statistically significant (p > 0.05) by two-tailed t test. gWAT, gonadal white adipose tissue; KO, knockout; ZFD, zero-fat, high sucrose diet.

reported that adipocyte-specific Acly KO mice lose fat mass
and develop insulin resistance on ZFD (46), but no differences
from WT were observed in exon 14 KO mice in body weight
(Fig. S4C), mass of gonadal or subcutaneous (inguinal) white
adipose tissue depots, or liver mass (Fig. S4D). In our previous
work, mice on ZFD lacking Acly in adipose tissue had reduced
de novo synthesized fatty acids in gonadal white adipose tissue
compared to controls, especially in females (46). However, no
differences were observed in fatty acid fractional synthesis
between female exon 14 KO mice on ZFD and their WT
counterparts (Fig. 5C). Overall, the data indicate that exon 14
is not required for ACLY’s major functions in metabolic

physiology.
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Acly exon 14 deletion does not impact tumor growth in
ApcMin/+ mice

To test if Acly exon 14 directly supports tumor growth or
cancer phenotypes, we cross-bred our Acly exon 14 KO mice
to the well-established ApcMin/+ genetic model of intestinal
neoplasia. We chose an intestinal tumor model because colon
tumors in TCGA exhibit a relatively high ACLY PSI along with
striking differences in PSI between tumor versus normal colon
tissue (Fig. 24, colon adenocarcinoma, and Fig. 2E). Addi-
tionally, several metabolomic and lipidomic analyses of human
colorectal cancers have shown that these tumors have altered
acyl-CoA and lipid metabolism, which may make them sen-
sitive to ACLY perturbations (48-50).
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Consistent with TCGA data, tumors from ApcMin/+ mice weight, which can also be used as a proxy for tumor burden
showed higher PSI than surrounding normal tissue (Fig. 64). (51, 52), was also unchanged with exon 14 deletion (Fig. 6B).
However, exon 14 deletion did not impact tumor burden in the = Colons from ApcMin/+ exon 14 KO and WT mice were Swiss-
colon (Fig. 6C) or small intestine (Fig. 6D) in either sex. Spleen  rolled, fixed, and H&E stained for histology (Fig. 6E). A blinded
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Figure 6. Acly exon 14 deletion does not impact tumor growth in ApcMin/+ mice. A, RT-PCR on colon tumors (T) and adjacent normal tissue (N) from 13-
week-old ApcMin/+ mice. B, spleen weight normalized to body weight of tumor-bearing mice. Number of tumors normalized to (C) colon and (D) small in-
testinal area. Differences between genotypes were not statistically significant (p > 0.05) by one-way ANOVA. E, swiss-rolled and H&E-stained colons from
representative tumor-bearing mice; f, summary of histological findings in tumor-bearing, H&E-stained colons evaluated by veterinary pathologist. Top: 4X
magnification, scale bar = 1 mm. Bottom: 20X magnification of 4X area indicated by square, scale bar = 100 um. ACLY, ATP-citrate lyase; PSI, percent spliced in.
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analysis by a veterinary pathologist did not reveal notable
differences in tumor histology or inflammation between ge-
notypes (Fig. 6F). Thus, the absence of ACLY exon 14 alone is
not sufficient to alter tumor phenotypes.

ACLY is regulated by the splicing factor ESRP1

With limited evidence that ACLY splicing impacts its ca-
nonical functions, we returned to TCGA to generate a new
hypothesis to explain the association between ACLY PS],
cancer, and patient survival (Fig. 2). Overall, tumors stratified
by ACLY PSI had over 600 differentially expressed genes
(Fig. 7A), while the tumors stratified by total ACLY expression
only had eight differentially expressed genes (Fig. 7B). By

analyzing the correlation between ACLY PSI and each detected
transcript, we found that ESRPI has the third highest
Spearman correlation and is highly expressed in high PSI
versus low PSI tumors (Fig. 7C). ESRP1 is a splicing factor that
helps establish epithelial cell identity and is implicated in
epithelial-mesenchymal transition in tumors (53). ESRPI itself
has multiple splice isoforms; overexpression of either major
isoform (known as 2A and NA) in HEK293T cells (Fig. 7D,
left) resulted in increased ACLY PSI (Figs. 7D, right and S44,
top). As a control, we also examined the canonical ESRP1
target FGFR2 (53), which showed an isoform switch upon 2A
or NA overexpression as expected (Fig. S54, bottom). Alter-
natively, shRNA knockdown of ESRPI in HCT-116 cells
(Fig. 7E, left) resulted in lower ACLY PSI (Figs. 7E, right and
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Figure 7. ACLY is a target of the splicing factor ESRP1. A and B, volcano plot of differentially expressed genes in high versus low ACLY PSI (A) or high
versus low ACLY expression (B). Tumors were stratified by upper and lower quartile (See Fig. 2, C and D). C, genes ranked by Spearman correlation between
expression and ACLY PSl across TCGA tumor specimens. Log, fold change for selected genes are also included (see (A)). D, gPCR of ESRP1 normalized by 18S
(left) and ACLY PSI (right) in HEK293T cells overexpressing ESRP1. Data points represent individual wells. Conditions were compared using one-way ANOVA.
E, qPCR of ESRP1 normalized by 18S (left) and ACLY PSI (right) in HCT-116 cells expressing indicated shRNA. Data points represent individual wells. Con-
ditions were compared using Student’s two-tailed t test. Symbols: ns (p > 0.05), p < 0.05 (¥), p < 0.001 (***), p < 0.0001 (****). ACLY, ATP-citrate lyase; ESRP1,
epithelial splicing regulatory protein 1; EV, empty vector; PSI, percent spliced in; TCGA, The Cancer Genome Atlas.
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S5B, left) and exon skipping in the canonical target CD44 (53)
(Fig. S5B, right). These data indicate that ESRP1 is one factor
that influences ACLY alternative splicing. Interestingly, ESRP1
expression is not correlated with poor survival in a pan-cancer
analysis (Fig. S5C), in contrast to ACLY PSI, suggesting that
additional factors may influence ACLY splicing and associated
phenotype(s).

To identify potential functional consequences of ESRP1-
directed ACLY splicing, we performed gene set enrichment
analysis comparing high versus low ACLY PSI tumors (54).
The most enriched gene sets corresponded to signatures
characteristic of an immunosuppressive microenvironment,
particularly IL-10 signaling and tumor-associated macro-
phages, mast cells, and B cells, as well as cell cycle—related
gene sets (Tables S1 and S2). Re-analysis comparing high
versus low ESRPI-expressing tumors showed very similar
enrichment patterns (Tables S1 and S2). Thus, ACLY splicing
may be component of an ESRPI-dependent program that re-
lates cancer phenotypes.

Discussion

In this study, we report the expression of long and short
ACLY splice isoforms in mammalian tissues, along with evi-
dence that exon 14 inclusion is increased in multiple cancer
types. To our knowledge, this is the first study to specifically
characterize the short isoform of ACLY. Despite these
intriguing expression patterns, we found that exon 14 does not
appear to be essential to any of ACLY’s canonical functions
in vitro, in cells or in mice. However, several metabolic en-
zymes are reported to have “moonlighting” functions (55), and
it remains possible that ACLY splicing is relevant only in
specific physiological contexts which we did not evaluate. An
illustrative example may again be alternative splicing of py-
ruvate kinase (specifically the PKM2 isoform) which enhances
tumor growth in some cancer models as discussed earlier but
is dispensable in others (56—58). In addition, our in vitro assays
were carried out using recombinant protein purified from
E. coli with an amino acid substitution (aspartate) at serine 481
to simulate phosphorylation. Aspartate may not adequately
mimic the phosphorylated state in this context, or we may be
missing other relevant post-translational modifications such as
acetylation or other phosphorylation sites.

A major motivation for this study was our initial survey of
patient data, which suggested that high ACLY PSI is prevalent
in cancer and is associated with deadlier tumors overall.
Strikingly, most samples in each tumor type can be binned into
a single PSI category, in contrast to total ACLY. These data
suggest that PSI is regulated at the tissue level and reinforces
the idea that ACLY expression and ACLY splicing are distinct
molecular events that may have divergent functional roles. We
hoped that a functional analysis of these isoforms would help
explain why tumor types with high ACLY PSI tend to be
deadlier regardless of tissue origin, stage, or treatment mo-
dality. Even though the intestinal tumors in our mouse model
had higher ACLY PSI than adjacent normal tissue, much like
their human counterparts, ACLY exon 14 KO did not
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attenuate tumor formation or growth. It could be that ACLY
splicing by itself is not sufficient to affect tumor growth, but
rather, that ACLY splicing is one component of a larger bio-
logical program that our correlational analysis was unable to
fully capture.

We provide evidence that ACLY splicing is regulated by
ESRP1. ESRP1 manipulation does not result in complete ACLY
isoform “switching,” which is expected considering that most
tissues express both isoforms to some degree (Figs. 1 and S1).
Other splicing factors such as ESRP2, which has some func-
tions redundant to ESRP1 (53), may also regulate ACLY
alternative splicing. Notably, ESRPI germline KO in mice re-
sults in a severe cleft palate phenotype leading to neonatal
death (59). Since Acly exon 14 KO mice did not have this
phenotype, ESRP1 is likely modulating ACLY splicing and not
vice versa.

Specimens in TCGA are bulk tumor which include tumor
cells as well as immune cells, cancer-associated fibroblasts, and
other components of the tumor microenvironment. It is
possible that an increase in ACLY PSI in bulk tumor could be a
consequence of immune infiltration. However, homogeneous
human cancer cell lines tend to have quite high ACLY PSI
(Fig. 1B), and ESRP1 and 2 are exclusively expressed in
epithelial cells (53). Although ESRPI1 in cancer is primarily
documented to be involved in EMT and metastasis (60, 61), an
in silico analysis found ESRP1 to be a target of interest in
overcoming immune evasion in melanoma (62). Another study
on ESRP1 in ovarian cancer showed that ESRPI over-
expression in tumor cells resulted in an immunosuppressive
microenvironment (63). Notably, the immune signatures that
we find closely correlated with ESRPI expression and ACLY
PSI are typically protumor and oppose cytotoxic T cell re-
sponses, especially through the immunosuppressive cytokine
IL-10 (64, 65). ESRPI expression has been reported to have
both protumor and antitumor roles in colorectal cancer in vivo
(66, 67), but these studies were done in immunocompromised
mouse models. ESRP1 has multiple validated (and even more
suspected) splicing targets which may connect ESRP1
expression and immune infiltration. ACLY exon 14 inclusion
may be providing a functional redundancy in such a mecha-
nism or be concurrent but functionally independent. The
connection between ESRP1 and immunosuppression warrants
further investigation but is outside the scope of this study.

The structure of intact ACLY from various species has been
determined by both X-ray crystallography (68) and single-
particle analysis cryo-electron microscopy (13, 24). While
cryo-electron microscopy studies have succeeded using full-
length protein, crystallography studies removed the IDR,
including exon 14, to aid in crystallization. These structures
are quite similar, and ACLY that is missing the IDR has a
similar catalytic rate to the full-length protein (68) which
supports our findings here that modifications to exon 14 do
not impact catalytic activity. Intriguingly, the IDR in ACLY is
only present in the animal kingdom, as most organisms ex-
press ACLY as two separate transcripts (68, 69). As described
above, evolution has taken advantage of phosphorylation sites
(5455, T477 & S451) in the IDR to regulate complex biological
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responses. While the two ACLY splice isoforms are expressed
broadly across tissues, are regulated in tumors and associated
with cancer phenotypes, and include sites that may be modi-
fied post-translationally, the functions of exon 14 remain
elusive. We hope that this study sets the stage for a more
complete understanding of ACLY splicing and the role of
ESRPI in cancer.

Experimental procedures
RNA extraction and reverse-transcription PCR

RNA was extracted from cultured cells and murine tissues
using TRIzol reagent (Invitrogen, 15596018) according to the
manufacturer’s protocol. One microgram pure RNA (quanti-
fied by Nanodrop) was used for cDNA synthesis with the
High-Capacity ¢cDNA Reverse Transcription Kit (Applied
Biosystems, 4368814). Two microliter undiluted cDNA was
used for PCR with GoTaq Master Mix (Promega, M7123). PCR
thermocycling conditions were as follows: 95 °C for 5 min; 25
cycles of 95 °C for 30 s, 57 °C for 30 s, 72 °C for 1 min; and
hold at 10 °C. PCR products were run on a 1.8% agarose gel in
tris-borate-EDTA buffer with 1:10,000 EtBr at 80 V for 1 h.
Imaged bands were quantified by densitometry using Image].

Expression and purification of ACLY

Codon-optimized human ACLY with a C-terminal 6xHis tag
in a pET24a vector (24) was expressed in BL21(DE3) cells.
Additional constructs were generated using site-directed
mutagenesis and confirmed by Sanger sequencing. Trans-
formed E. coli were grown under 0.05 mg/ml kanamycin se-
lection at 37 °C until A was approximately 0.8. Cultures were
induced with 0.1 mg/ml IPTG overnight at 16 °C. Bacteria
were pelleted by centrifugation at 4000g for 15 min and
resuspended in lysis buffer (25 mM Tris-HCl, pH 7.5, 500 mM
NaCl, and 10% glycerol). Pellets were flash frozen in liquid
nitrogen and stored at -80 °C until purification. Thawed
pellets in lysis buffer were sonicated at 70% amplitude for
2 min (10 s on and 20 s off), and lysate was clarified by
centrifugation at 19,000 rpm for 30 min. After equilibration
with lysis buffer, lysate was passed through 2 ml TALON
Metal Affinity Resin (Takara, 635504). The column was then
washed with 20 ml lysis buffer and 20 ml lysis buffer with
40 mM imidazole. Protein was eluted with lysis buffer with
200 mM imidazole and further purified by gel filtration using a
Superdex 200 10/30 Gl column (GE healthcare) in 25 mM
Hepes pH 7.5, 200 mM NaCl, 10 mM BME, and 1 mM MgCl,.
Aliquots were flash frozen with 5 to 10% glycerol in liquid
nitrogen and stored at —-80 °C. Before use, protein was dialyzed
for at least 2 h in 25 mM Hepes, pH 7.5, 200 mM NaCl, and
10 mM BME at 4 °C.

ACLY-coupled enzymatic activity assay

Activity of 50 nM ACLY was determined by coupling to
malate dehydrogenase, which reduces oxaloacetate to malate
using NADH. The reaction buffer consisted of 100 mM Hepes
pH 8.0, 200 mM NaCl, 1 mM DTT, 1 mM ATP, 1 mM MgCl,,
1 mM sodium citrate, 0.2 mM CoA, 0.2 mM NADH, 10 U

SASBMB

MDH (Millipore, 442610), and 0.01% NP-40. The reaction was
initiated by the final addition of CoA, and then, absorbance at
340 nm was immediately monitored every 30 s for 10 min to
measure the consumption of NADH.

Differential scanning fluorimetry

Purified ACLY (5 uM) in 25 mM Hepes, pH 7.5, 200 mM
NaCl, and 10 mM BME was mixed with 5X SYPRO Orange
(Invitrogen, S6650) to a final volume of 20 pL. The fluores-
cence of triplicate mixes along with negative controls (without
protein and/or without SYRRO orange) were measured from
25 °C to 90 °C using a qPCR instrument at a 1 °C/min ramp
rate. Data were analyzed and graphed using DSF World (70)
with sigmoid fitting (Fit 1).

Limited proteolysis

Chymotrypsin (Sigma, C3142) was prepared by dilution into
1 mM HCI and 2 mM CaCl2. ACLY (0.2 mg/ml) was reacted
with a 50:1 M equivalent of chymotrypsin in 50 mM Tris HCI,
pH 7.5. One microgram ACLY aliquots were removed at
indicated time points and quenched using SDS-PAGE loading
buffer. Samples were boiled for 5 min before SDS-PAGE and
subsequent staining with Coomassie blue.

Cell culture and cell lines

All cell culture was carried out in Dulbecco’s modified Eagle’s
medium (DMEM), high glucose (Gibco, 11965092), and 10% calf
serum (Gemini, #100-510) unless otherwise indicated. Details on
Acly KO mouse embryonic fibroblasts generation are described
by Zhao et al. (39). Plasmids were constructed by subcloning into
the vector backbones described by Raymond et al (71) and
confirmed by whole-plasmid sequencing. Stable re-expression of
human ACLY tagged with mCherry was achieved by lentiviral
transduction, and mCherry positive cells were selected by fluo-
rescence-activated cell sorting. Detailed plasmid maps confirmed
by whole-plasmid sequencing can be found in the supplementary
methods. Transient transfection of ESRP1 expression plasmids
(see Warzecha et al. (53)) was achieved using Lipofectamine 2000
(Invitrogen, 11668019) in HEK293T cells according to the
manufacturers protocol. shRNA in pGIPZ (Horizon Discovery)
was expressed in HCT-116 cells by lentiviral transduction. Forty-
eight hours after transduction, plasmid-containing cells were
selected with 1 ug/ml puromycin for 48 h. ESRP1 expression and
knockdown plasmids were a generous gift from Natoya Peart
(Department of Biology, University of Waterloo).

Protein extraction

Cell pellets were resuspended in lysis buffer (20 mM Tris-
HCl pH 7.9, 20% glycerol, 420 mM NaCl, 1.5 mM MgCl,,
0.1% NP-40, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, and
1X protease inhibitor cocktail) and incubated for 20 min at 4
°C on a rotating platform. An equivalent volume of low-salt
buffer (10 mM Hepes pH 7.5, 1.5 mM MgCl2, 10 mM KCl,
and 1X protease inhibitor cocktail) was added. The lysate was
clarified by centrifugation at 14,000 rpm for 10 min at 4 °C.
Lysates were stored at —80 °C until analysis.

J. Biol. Chem. (2024) 300(7) 107418 11



ACLY alternative splicing correlates with cancer phenotype

Immunofluorescence

Cells were cultured on glass-bottom TC plates for imaging.
Once adhered, cells were washed three times with PBS and fixed
in 4% paraformaldehyde for 15 min. After fixation, cells were
washed three times in tris-buffered saline with 0.1% tween 20 and
blocked for 1 h (10% goat serum, 1% bovine serum albumin, 0.1%
gelatin, 22.52 mg/ml glycine, 0.5% Triton X in TBST). Cells were
then incubated with 1:1000 ACLY antibody (Abcam, ab40793) in
5% animal serum and 0.1% Triton X in TBST for atleast 3 h. After
washing three times with TBST, cells were incubated with
Alexa488-conjugated secondary antibody diluted 1:500 and
DAPI diluted 1:500 in 5% animal serum and 0.1% Triton X in
TBST for 1 h. Finally, cells were washed with TBST three times
before imaging on an EVOS m5000 imaging system.

De novo lipogenesis in cultured cells

For "*C-glucose tracing, 500,000 cells were plated in com-
plete media. After 24 h, media were changed to DMEM con-
taining no glucose, glutamine, pyruvate, and phenol red
(Gibco, A1443001) with 10% dialyzed FBS (Gemini, 100-108)
supplemented with 10 mM [U-'*C]-glucose and 4 mM
glutamine. Cells were collected after 48 h by trypsinization and
neutralization in PBS with 1% fatty acid—free BSA. Cells were
pelleted and washed with PBS prior to storage at —-80 °C.

To extract lipids, 2 ml methanol, 1.7 ml chloroform, and
1.4 ml glass-distilled water were added to cell pellets. Ten
microliter of 1 mM heptadecanoic acid was added as an
internal standard. The mixture was vortexed and centri-
fuged for 5 min at 2000 rpm. The chloroform fraction was
moved to a new tube, and the aqueous fraction was re-
extracted by addition of 0.7 ml chloroform followed by
vortexing and centrifugation. Combined chloroform frac-
tions were back extracted by addition of 0.1 ml water fol-
lowed by vortexing and centrifugation. Chloroform-
dissolved lipids were dried under a nitrogen stream. Lipids
were derivatized into methyl esters and measured by GC/
MS using an Agilent GC-MS 7890A/5975A with a DB5
column as previously described (41). Isotope enrichment
was calculated using IsoCor v2 (72).

Acid extraction of histones

Cells were scraped into 1 ml cold hypotonic lysis buffer
(10 mM Tris-HCI pH 8.0, 1 mM KCI, 1.5 mM MgCl,, 0.1%
Triton X, 1X protease inhibitor cocktail) and incubated on a
rotating platform for 30 min at 4 °C. Nuclei were then pelleted
by centrifugation at 6500g¢ for 10 min at 4 °C, washed with
0.5 ml hypotonic lysis buffer, and resuspended in 0.2 M HCL
The resuspension was incubated overnight on a rotating
platform at 4 °C. Nuclear debris was pelleted by centrifugation
at 6500g for 10 min at 4 °C. Histones (supernatant) were
neutralized by addition of 1:10 volume of 2M NaCl and stored
at —80 °C until analysis.

Analysis of TCA metabolites

For *C glucose tracing, cells were plated in complete
media. The following day, cells and tracing media were
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either equilibrated at 1% O, in a Whitley H35 hypoxystation
or kept in normal atmosphere for 24 h. Then, media were
changed to DMEM containing no glucose, glutamine, py-
ruvate, and phenol red (Gibco, A1443001) with 10% dialyzed
FBS (Gemini, 100-108) supplemented with 10 mM [U-'3C]-
glucose and 4 mM glutamine. After 6 h, cells were washed
twice with cold PBS, scraped into ice cold 80% methanol,
and flash frozen in liquid nitrogen. After 1 UM norvaline
spike-in, cells went through three cycles of freeze-thaw in
liquid nitrogen with periodic shaking. Cell debris was
centrifuged out at max speed for 15 min, and supernatant
containing polar metabolites was dried down overnight in a
SpeedVac.

For trimethylsilyl derivatization, dried metabolites were
resuspended in 30 pL methoxyamine in pyridine (5 mg/ml),
vortexed, and incubated at 70 °C for 15 min. Then, 70 UL N-
tert-butyldimethylsilyl-N-methyltrifluoroacetamide (Thermo
Scientific, TS-48920) was added. The samples were vortexed
and incubated at 70 °C for 1 h. After derivatization, samples
were centrifuged at max speed for 10 min and the top 50 UL
transferred to glass vials for analysis by GC-MS on an Agilent
GC-MS 7890A/5975A with a DB-5 column. Isotope natural
abundance correction was performed with FluxFix using an
unlabeled control (73). Relative quantification was performed
by normalizing the area under the curve of each species to the
internal standard and subsequently the total ion counts of the
same sample.

Generation of Acly exon 14 null mice

Mouse work was performed in accordance with Institutional
Animal Care and Use Committee guidelines under an
approved protocol. Deletion of Acly exon 14 in C57BL6/] mice
was performed by the CRISPR/Cas9 Mouse Targeting Core at
the University of Pennsylvania. Founder mice were screened by
PCR, and the presence of the exon 14 KO allele confirmed by
Sanger sequencing.

Glucose and insulin tolerance test

GTTs and ITTs were performed on mice at 6 to 8 weeks of
age. Mice were weighed, individually housed, and fasted for 4 h
prior to the experiment. Dextrose (2.0 g/kg) or 0.5 U/kg insulin
was IP injected for GTT or ITT, respectively. Blood glucose
was measured by tail vein bleed using a glucometer at indi-
cated time points. For GTT, additional blood was collected at
0 and 20 min relative to injection to measure insulin response.
Blood was centrifuged at 2600g for 15 min, and plasma was
stored at —80 °C until insulin could be measured by ELISA
(Crystal Chem, 90080) according to the manufacturer’s
instructions.

In vivo de novo lipogenesis

Zero-fat diet (62% sucrose) chow was obtained from
Envigo (TD.03314). Mice were euthanized at 10 to 12 weeks
of age using a carbon dioxide chamber for tissue collection.
For deuterium labeling in mouse tissues, mice were given 20%
deuterium in drinking water (*H,O) for 48 h prior to
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euthanasia. Tissues were immediately flash frozen in liquid
nitrogen upon euthanasia and dissection. Ten milligram tis-
sue was lipid-extracted, derivatized, and analyzed by GC/MS
(as described in vitro). Deuterium enrichment in fatty acids
was normalized to plasma D,O enrichment levels as follows:

using a Viia 7 Real-Time PCR System with the standard 2-step
protocol for 40 cycles.

Primer sequences

Target Purpose Forward sequence Reverse sequence
Human ACLY isoforms RT-PCR AAGCCTGCCATGCCACAAG AGCCACTGAGGGCTCGTCTC
Mouse ACLY isoforms RT-PCR GAGTCCCGAGCTGATGAAGT AGCCACTGAGGGCTCGTCTC
Human FGFR?2 isoforms (53) RT-PCR TGGATCAAGCACGTGGAAAAGA GGCGATTAAGAAGACCCCTATGC
Human CD44 isoforms (53) RT-PCR AGGAGCAGCACTTCAGGAGGTTAC ACTGGGGTGGAATGTGTCTTGGTC
Human ESRP1 (Origene) qPCR CTCAGGGTCGAAGGAACGGA TACCGGGTCCCCATGTGATG
blood plasma was collected at sac by cardiac puncture and  Antibodies
centrifugation for 15 min at 2600g, and deuterium content
was determined by acetate exchanged as previously described
(39).
Target Purpose Manufacturer Cat. No.
. . ACLY Western blot Proteintech 15421-1-AP
ApcMin/+ mouse tumor experiments ACLY Immunofluorescence Abcam ab40793
ApcMin/+ males in a C57BL6/J background (Jackson Lab- ~ H3K23ac Western blot Cf}licsﬁﬁgf(l)‘g‘}i 14932
oratory, #002020), which spontaneously form intestinal tu-  Hdac Western blot Millipore 06-866
Actin Western blot Cell Signaling 37008

mors with 100% penetrance, were bred to Apc WT females.
Tumor-bearing mice were regularly monitored for complica-
tions. Experimental mice were euthanized at 13 weeks of age.
Nonexperimental mice were euthanized before 100 days of age
to prevent excessive tumor burden. Euthanasia was performed
using a carbon dioxide chamber.

Intestinal tumor quantification and histology

Mouse colon or the distal third of the small intestine was
first flushed with PBS using a gavage needle to remove fecal
matter and then flushed with Boulin’s fixative (50% ethanol
and 5% acetic acid in water). Intestines were cut transverse,
laid flat with luminal side up, and photographed using an
iPhone 14 with a ruler to standardize frame size. Later, relative
tissue area was measured, and tumors were counted using
Image]. Tumor count was then normalized to visible tissue
area. The intestine was Swiss rolled, placed into histology
cassettes, and fixed in 4% paraformaldehyde for 24 h. Tissues
were dehydrated in 50% and then 70% ethanol for at least
1 day. Tissues were then stored in 70% ethanol until paraffin
embedding, sectioning, and H&E staining by the Molecular
Pathology and Imaging Core at the University of Pennsylvania.
Blinded H&E sections were evaluated by the Comparative
Pathology Core at the University of Pennsylvania School of
Veterinary Medicine.

Real-time qPCR

¢DNA was diluted in nuclease-free water 1:20 for all genes
except the 18S reference gene, which was diluted 1:500.
Diluted ¢cDNA (2 pL) was added to quadruplicate reactions
containing 1X Power SYBR Green PCR Master Mix (Applied
Biosystems, 4367659) and 0.5 UM each primer up to 20 puL
final volume. No DNA controls were included on each run.
Thermocycling and fluorescence detection was performed
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Data availability

The data generated in this study are available upon request
from the corresponding authors. Expression profile data
analyzed in this study were obtained from The Cancer
Genome Atlas, and the code used to analyze this data is
available in the supplementary data files.

Supporting information—This article contains supporting informa-
tion.(38, 53)
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