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High mobility group Al (HMGA1) promotes
the tumorigenesis of colorectal cancer by
increasing lipid synthesis
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Metabolic reprogramming is a hallmark of cancer, enabling tumor cells to

meet the high energy and biosynthetic demands required for their prolifera-
tion. High mobility group A1 (HMGALI) is a structural transcription factor and
frequently overexpressed in human colorectal cancer (CRC). Here, we show
that HMGAL1 promotes CRC progression by driving lipid synthesis in a AOM/
DSS-induced CRC mouse model. Using conditional knockout (Hmgal~"*¢) and
knock-in (HmgaI™ °**) mouse models, we demonstrate that HMGA1 enhances
CRC cell proliferation and accelerates tumor development by upregulating
fatty acid synthase (FASN). Mechanistically, HMGALI increases the transcrip-
tional activity of sterol regulatory element-binding protein 1 (SREBP1) on the
FASN promoter, leading to increased lipid accumulation in intestinal epithelial

cells. Moreover, a high-fat diet exacerbates CRC progression in Hmgal~'¢
mice, while pharmacological inhibition of FASN by orlistat reduces tumor
growth in HmgaI™°%* mice. Our findings suggest that targeting lipid meta-
bolism could offer a promising therapeutic strategy for CRC.

Metabolic reprogramming is a hallmark of malignant tumors, enabling
cancer cells to adapt their metabolism to meet the increased demand
for macromolecules and energy necessary for growth, proliferation,
and metastasis'. As one of the three major classes of macromolecules,
lipids play a critical role in cell structure and function, being key
components of cellular membranes and mediators of intracellular
signaling under both physiological and pathological conditions?.
Abnormal lipid metabolism provides energy and biosynthetic pre-
cursors to support the rapid proliferation of tumor cells, and influ-
ences various stages of tumor progression by modulating oncogenic
signaling pathways’. A defining characteristic for dysregulated lipid
metabolism in tumor cells is the increased synthesis and uptake of
fatty acids, alongside a reduction in fatty acid oxidation (FAO)*. In
normal physiology, de novo fatty acid synthesis is predominantly
confined to the liver and adipose tissue. However, unlike normal cells,
tumor cells can synthesize fatty acids de novo even in the presence of
sufficient exogenous fatty acids’. This is driven by the upregulation of

key lipogenic enzymes, which promote lipid accumulation in cancer
cells®. Understanding the mechanisms underlying the lipid metabolism
may offer new therapeutic opportunities for targeting cancer
metabolism.

Colorectal cancer (CRC) is the third most common malignancy
worldwide, characterized by high incidence and mortality rates’. Sev-
eral risk factors contribute to the majority of CRC cases, including gene
mutation, smoking, obesity, poor dietary habits, excessive alcohol
consumption, and diabetes®’. Increasing evidence suggests that dys-
regulated lipid metabolism plays a crucial role in the initiation and
progression of CRC and is closely linked to clinical outcomes and
prognosis'®™, For instance, fatty acid-binding protein 5 (FABPS), an
intracellular transporter of fatty acids that regulates lipid metabolism
and cell growth, inhibits the ubiquitination of fatty acid synthase
(FASN), resulting in FASN upregulation and enhanced lipid accumu-
lation, which accelerates CRC progression'?. Additionally, the circCA-
PRIN1/STAT2 complex promotes CRC development by enhancing lipid
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synthesis through an ACCl-dependent mechanism". Furthermore, the
silencing of protein tyrosine phosphatase receptor type O (PTPRO), a
member of the R3 subtype family of receptor-type protein tyrosine
phosphatases, stimulates de novo lipogenesis by activating the AKT/
mTOR/SREBP1/ACCI pathway and reduces fatty acid oxidation via the
MAPK/PPARa/ACOX1 axis, thereby promoting CRC growth and
metastasis'’. Collectively, these findings underscore the critical role of
lipid accumulation in CRC progression.

High mobility group Al (HMGALI) is a non-histone chromosomal
protein involved in crucial processes such as DNA transcription,
replication, recombination, and repair®. Structurally, HMGAL contains
three AT-hook DNA binding domains and an acidic carboxyl tail. The
AT-hook domains bind to A/T-rich regions of DNA, modulating the
chromatin structure and thereby regulating the transcription of
downstream genes'®”. Due to its role in modifying chromatin archi-
tecture, HMGAL is often referred to as a structural transcription factor.
While HMGAL expression is significantly reduced in most adult tissues
compared to embryonic cells, its levels are abnormally elevated in a
wide range of tumors, including breast, gastric, pancreatic, thyroid
cancers, and colorectal cancer (CRC)'®?. As a result, HMGAL is classi-
fied as an oncofetal protein, given its re-expression during tumor-
igenesis. HMGAL contributes to cancer progression by interacting with
oncogenic factors through both transcriptional regulation and
protein-protein interactions”. Beyond its role in transformation,
HMGALI has been implicated in regulating genes related to glucose
metabolism. For instance, the insulin receptor (INSR), a critical reg-
ulator of insulin signaling and glucose homeostasis, requires HMGAL
for its normal expression. Interestingly, reduced HMGAI expression
has been observed in insulin resistance and diabetes in both humans
and mice?”. In a study by Williams et al.** elevated levels of HMGAL in
the small intestine and colon were linked to abnormal cell proliferation
and neoplastic transformation, alongside metabolic alterations in
intestinal epithelial cells (IECs). Notably, metabolites associated with
fatty acid metabolism were found to be upregulated in IECs with high
HMGAL1 expression, though the molecular mechanisms underlying
HMGAT’s regulation of fatty acid synthesis in these cells remain
unclear.

In this study, we demonstrate that HMGAL is significantly upre-
gulated in colorectal cancer (CRC), where it enhances the transcription
of fatty acid synthase (FASN), leading to increased lipid synthesis. This
elevation in lipid levels, driven by HMGALI overexpression, promotes
the proliferation of CRC cells and accelerates CRC progression in
HMGA1 knock-in mice. Conversely, the knockout of HMGAL
(Hmgal~"™®) in IECs reduces lipid accumulation, thereby inhibiting the
initiation and progression of CRC. Notably, a high-fat diet (HFD)
exacerbates CRC progression in Hmgal~"™ mice and counteracts the
suppressive effects of HMGAL depletion on tumor development.
Additionally, treatment with orlistat, a potent inhibitor of FASN-
mediated lipid synthesis, significantly reduces lipid accumulation in
the IECs of HMGAI1 knock-in (Hmgal™ °¥*) mice and decreases CRC
tumorigenesis. Overall, our findings suggest that HMGA1 promotes
CRC development by upregulating FASN-mediated de novo fatty acid
synthesis. These results provide compelling evidence for targeting
lipid accumulation as a therapeutic strategy for the prevention and
treatment of CRC.

Results

HMGAL is highly expressed in CRC

HMGAL is up-regulated in multiple cancers and known as an oncogene
(http://gepia.cancer-pku.cn/detail.php?gene=HMGA1) (Fig. 1a). To
determine the expression of HMGAL in CRC, we firstly analyzed HMGA1
in a human CRC cohort in GEPIA database (http://gepia.cancer-pku.cn/
detail.php?gene=HMGAI1&clicktag=expdiy) (Fig. 1b) and GEO database
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44076)
(Fig. 1c). The results showed that the mRNA level of HMGAL in human

CRC tissues was significantly higher than that in adjacent normal col-
orectal tissues (Fig. 1a-c). Moreover, we identified that expression of
HMGALI was continuously up-regulated during the development of
human CRC (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE41657) (Fig. 1d), and the disease-specific survival rate decreased
in CRC patients with high HMGAL expression (P=0.022) (Fig. 1e). To
further detect the expression of HMGAL across different cellular sub-
populations in colorectal tumors, we reanalyzed single-cell data from
the GEO database (GSE201348). We selected single-cell sequencing
results from 5 colon cancer tissues (all CRC tissue-related information
contained in the uploaded dataset) and 5 normal control tissues. The
data were subjected to dimensionality reduction clustering using
t-distributed stochastic neighbor embedding (t-SNE) method, and
different subpopulations of cells were annotated using specific mar-
kers (Supplementary Fig. 1a). Subsequently, the cells were categorized
into 10 subgroups (Fig. 1f). We observed a higher proportion of
intestinal epithelial cells (including Ki67+ cells) and stem cells in tumor
tissues, whereas the cellular subpopulations in normal tissues
appeared more homogeneous and diverse, such as goblet cells,
fibroblasts, and natural killer cells (Fig. 1f and Supplementary Fig. 1b, c).
We focused on the expression of HMGAL and found that the level of
HMGAL was elevated in tumor tissues, particularly in Ki67+ IECs, as
compared to that in normal tissues (Fig. 1g). These results suggest a
potential association between HMGALI and IEC proliferation. In addi-
tion, our IHC staining demonstrated that HMGAL was up-regulated in
tumor tissues of CRC patients (Fig. 1h, i).

To further validate the expression of HMGAL in CRC, we treated
C57BL/6) mice with AOM/DSS to induce CRC and detected the
expression of HMGAL in the colorectal tissues of mice (Supplementary
Fig. 2a). At the end of the induction with AOM/DSS, the colorectum of
mice was shortened (Supplementary Fig. 2b). Most of visible tumors
were located at the distal colorectum, with the size ranging from 2 to 4
mm? (Supplementary Fig. 2¢). Colon glands in AOM/DSS-induced mice
were irregularly arranged and structurally disordered in HE staining
(Supplementary Fig. 2d). 45% tumors were identified as low-grade
dysplastic adenomas (LGD) with infiltration of inflammatory cells
(Supplementary Fig. 2d). HMGA1 mRNA and protein levels were up-
regulated in CRC tissues of mice (Supplementary Fig. 2e-g). Taken
together, our results demonstrate that HMGAL is highly expressed
in CRC.

HMGAI1 promotes the occurrence and development of CRC
To characterize the role of HMGAL in the growth of CRC cells, we
transduced HMGAL into human CRC cell line, HT-29 (Supplementary
Fig. 3a, b), and determined cell proliferation. Enforced expression of
HMGAL led to a marked increase in cell growth, proliferation, and
colony formation (Supplementary Fig. 3c-e). A similar result was
obtained in HCT116 and LoVo cells with HMGA1 overexpression
(Supplementary Fig. 3f-0). To determine the role of HMGALI in the
occurrence and development of CRC, we generated intestinal epithe-
lial cell Hmga conditional knockout (Hmgal®"™) and knock-in mice.
Systemic knockout of Hmgal gene leads to cardiac hypertrophy and
type 2 diabetes in mice, and body weight and length of mice are
decreased whereas Hmgal/Hmga2 double knock-out mice display a
“superpygmy” phenotype®. Thus, we generated HmgaI™/* mice and
Rosa26"™** mice by CRISPR-Cas9 system, which were further hybri-
dized with Villin-cre mice to produce intestinal epithelium conditional
knockout (Hmgal®™®) and knock-in HMGAL (HmgaI"“°¥*) mice. IECs
from Hmgal~"™ and Hmgal™ °%* mice were isolated and detected with
gPCR and WB for the validation of HMGA1 manipulation. As expected,
HMGAL1 was successfully knocked out in the intestine of Hmgal*®
mice, and strikingly increased in the intestine of Hmgal™°%* mice
(Supplementary Fig. 4).

The Rosa26'"™** (control for the knock-in) mice and HmgaI'™=¢°*
mice were treated with AOM/DSS for the induction of CRC (Fig. 2a).
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Compared with mice treated with mock induction (drinking water),
AOM/DSS-treated Rosa26"™* mice bore a decreased survival and a
shortened colorectum, with an average of 6 tumors per colorectum,
and about 50% of the tumors were 2 — 4 mm?* at the end of the
induction (Fig. 2b-e). Histological examination showed that 45% of
tumors in Rosa26"™* mice induced with AOM/DSS were low-grade
dysplastic (LGD) adenomas, 15% were high-grade dysplastic (HGD)
adenomas, and 10% were carcinomas (Fig. 2f and Supplementary
Fig. 5a). IHC staining showed HMGA1 was upregulated in CRC tissues in
Rosa26"™* mice as compared with that in normal colorectum (Fig. 2g

and Supplementary Fig. 5b). About 40% of the tumor cells were Ki67
positive in the murine CRC tissues, which was much higher than that in
normal colorectum of mice (Fig. 2g and Supplementary Fig. 5b). In
stark contrast, Hmgal"™°%* (Hmgal knock-in) mice treated with AOM/
DSS possessed a lower survival rate and severely shortened color-
ectum (Fig. 2b, e). Colorectal tumor number and size were also sig-
nificantly larger in AOM/DSS-induced Hmgal™ °¥* mice than those in
AOM/DSS-induced Rosa26"™**mice (Fig. 2c, d). Intestinal structures
in Hmgal™°%* mice without induction were largely normal under the
light microscopy and there was no obvious alteration in the HE staining
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Fig. 1| HMGAL is highly expressed in CRC. a Relative expression of HMGAL in
various cancers from GEPIA database. N, Normal; T, Tumor. b, ¢ Relative expression
of HMGA1 in human CRC from GEPIA and GEO database. N=349, T=275 in (b) and
N=98, T=98 in (c). (c) In normal group, the box plots showed minima (2.4625),
maxima (5.2734), center (3.26415), lower bound (3.1050), upper bound (3.9518).
Whiskers showed minima to maxima. d Relative expression of HMGAL in different
stages of carcinogenesis of human colorectum from GEO database. Normal (n =12),
low-grade dyplasia (n = 21), high-grade dyplasia (n =30) and adenocarcinoma
(n=25). e Survival curve of patients with or without HMGA1 elevation. Patients’ data
from the Study of Colorectal Adenocarcinoma (TCGA, PanCancer Atlas) with 594
patients were analyzed. The level of HMGA1 mRNA above the average + S.D. was
defined as ‘high HMGAT (HMGAL: EXP > 1 as a search definition). p = 0.0221 with the

log-rank test for the survival rate. f, g The analysis of HMGA1 level in CRC scRNA-seq
dataset #GSE201348 from GEO database. T-distributed stochastic neighbor
embedding (t-SNE) plot of ten main cell types identified in 5 CRC lesions and 5
normal control tissues (f). Dotplot represented the average level and the percen-
tage of HMGAL expression in different cell types in tumor and normal colorectal
tissues of CRC patients (g). h, i Representative IHC staining of HMGAL1 (h) and
quantitative analysis of HMGAL1 positive cells per crypt (i) in human colorectal
(CRC) tissues. Data are presented as mean + SD (c, d, i). Statistical significance was
determined by two-tailed unpaired ¢-test (d) or two-tailed paired t-test (c, i). GEPIA:
Gene Expression Profiling Interactive Analysis; GEO: Gene Expression Omnibus;
scRNA-seq: single cell RNA-seq. Source data are provided as a Source Data file.

of intestine (Fig. 2f and Supplementary Fig. 5a). However, the pro-
portions of HGD and carcinomas defined by histological examination
were substantially increased in the colorectum of AOM/DSS-induced
Hmgal™°"* mice (Fig. 2f and Supplementary Fig. 5a). IHC staining
showed that expression of HMGAL and the number of Ki67 positive
cells were increased markedly (Fig. 2g and Supplementary Fig. 5b).
Together, our data suggest that HMGA1 promotes the malignant
phenotype of CRC cells and enhances CRC tumor growth.

Deletion of HMGAL inhibits the occurrence and

development of CRC

To further determine the role of HMGAL in the maintenance of
malignant phenotype of human CRC cells, we established HMGA1
knockdown cell lines in HT29, HCT116, and LoVo cells (Supplementary
Fig. 6). Depletion of HMGALI1 suppressed cell growth, proliferation, and
colony formation (Supplementary Fig. 6). To further validate the role
of HMGAL in the tumorigenesis of CRC, we exposed Hmgal~ (Hmgal
conditional knockout in IECs) mice and HmgaI™¥%* (control for the
knockout) mice to AOM/DSS for the induction of CRC (Fig. 3a). Con-
ditional knockout of Hmgal in IECs (Hmgal®"*“) showed no impact on
the colorectum in the absence of AOM/DSS. Consistent with previous
findings in Rosa26"™** mice (Fig. 2b-d), AOM/DSS induction led to
Hmgai1™¥"* (control) mice having a lower survival rate and shorter
colorectum with an average of 6 tumors in 2 — 4 mm? per colorectum
(Fig. 3b-e). Histological examination showed that pathological altera-
tions in the colorectum of these mice included LGD and HGD adeno-
mas and adenocarcinomas (Fig. 3f and Supplementary Fig. 7a).
Ki67 staining was strikingly positive in the murine CRC tissues (Fig. 3g
and Supplementary Fig. 7b). In stark contrast, Hmgal~®¢ (Hmgal
conditional knockout in IECs) mice induced with AOM/DSS displayed a
minimal reduction in colorectal length as compared with that in mice
without induction (Fig. 3b). The survival rate was increased and the
tumor number and size in colorectum were significantly decreased in
Hmgal®"™ mice exposed to AOM/DSS as compared with those in
Hmga1"/" (control) mice with a similar treatment (Fig. 3c-e). Histo-
logic examination of colon sections demonstrated reduced propor-
tions of adenocarcinoma, HGD, and LGD in AOM/DSS-induced
Hmgal?"™ mice compared with those in AOM/DSS-induced Hmga1™
flox (control) mice (Fig. 3f and Supplementary Fig. 7a). IHC staining
showed a decrease in Ki67 positive cells in colorectum of Hmgal~'"™
mice with AOM/DSS induction (Fig. 3g and Supplementary Fig. 7b).
Taken together, our data suggest that HMGALI deficiency inhibits the
proliferation and tumorigenesis of CRC.

HMGAL1 promotes lipid accumulation

Dysregulations of cell metabolism, such as elevated aerobic glycolysis
and increased fatty acid metabolism, play a critical role in the tumor-
igenesis of CRC*?%. To determine whether HMGAI promotes CRC
through regulating cell metabolism, we performed an untargeted
metabolomics using IECs from Hmgal™"* and Hmgal®~"™ mice. In
comparison with the Hmgal™"* mice, the Hmgal~t mice displayed
187 up-regulated metabolites and 120 down-regulated metabolites in

IECs (Supplementary Data 1). Enrichment analysis of the metabolites
showed that these differential metabolites mainly enriched in 20
pathways (Fig. 4a). Fatty acid synthesis was the most significantly
deregulated signal pathway in HMGAL deficient IECs (Fig. 4a). We
separated the altered metabolites into up-regulated and down-
regulated groups, and showed the top five classes of metabolites in
up-regulated and down-regulated groups in heatmaps (Fig. 4b). The
results showed that fatty acyl metabolites were mainly down-regulated
in HMGAL-deficient IECs (Fig. 4b). Further, untargeted metabolomics
analysis on tumors derived from the Hmgal™°¥* mice also showed
that fatty acyl metabolites were mainly up-regulated by HMGAL1 over-
expression (Supplementary Fig. 8a, Supplementary Data 2). FA is a
major component of structurally complex lipids and is one of the most
basic categories of bio-lipids. We analyzed all lipids-related metabo-
lites and found the free fatty acids were significantly up-regulated in
tumors derived from the Hmgal™°%* mice (Supplementary Fig. 8b).
Thus, untargeted metabolomics measurement of IECs (CRCs) from
both Hmgal conditional knockout (Hmgal~®®) and knock-in
(Hmgal™°%*) mice demonstrates a positive correlation between
expression of HMGALI and activation of fatty acid synthesis.

To define the impact of HMGALI on fatty acid metabolism in CRC,
we detected the lipid contents in HMGAl-manipulated CRC cells. We
used oil red O to stain lipid droplets in cells and found that there were
much more lipid droplets in HMGAI-overexpressed HT-29 cells than
those in control HT-29 cells (Fig. 4c), indicating a lipid accumulation
under HMGAI-overexpression. Levels of triglycerides (TG), total cho-
lesterol (TC) and free fatty acids (FFAs) were increased in HT-29 cells
with HMGALI overexpression (Fig. 4d). Further, application of nile red
to detect intracellular lipid droplets also showed an elevated accu-
mulation of lipids in HMGAIl-overexpressed HT-29 cells (Fig. 4e). We
validated the findings in HMGA1-overexpressed HCT116 and LoVo cells
and demonstrated a similar increase in intracellular lipids in these cells
(Supplementary Fig. 9). Moreover, oil red O staining and nile red
staining revealed a marked increase in lipid contents in colorectum of
Hmgal™°"* mice (Fig. 4f, g).

To further validate the role of HMGAL in the accumulation of
intracellular lipids in CRC, we detected the lipid content in HMGA1
knocked down HT-29, HCT116, and LoVo cells. It showed that deple-
tion of HMGAL reduced the levels of lipid droplets in the oil red O
staining and nile red fluorescence staining and decreased the contents
of TG, TC and FFAs in CRC cells (Supplementary Fig. 10). Lipid accu-
mulation in IECs of HmgaI*™ mice was much weaker than that in IECs
of Hmga1™/"* mice regardless of the induction for CRC with AOM/DSS
(Supplementary Fig. 11). These results suggest that HMGA1 upregulates
lipid accumulation in IECs and in CRC cells.

To further determine the role of HMGAL in de novo lipogenesis,
we used [U-2C] glucose to trace newly synthesized lipids in HMGA1-
manipulated HT-29 cells (Fig. 4h, Supplementary Fig. 12). Since de
novo lipogenesis mainly produces saturated fatty acids and mono-
unsaturated fatty acids”, *C-labeled saturated fatty acids and mono-
unsaturated fatty acids were analyzed by UHPLC-QTOF-MS. It showed
that C-labeled newly synthesized fatty acids were increased in
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d The number and size of tumors in the entire colorectum per mouse were mea-
sured. e Survival curve of the Rosa26"™** (control) mice and the HmgaI™°¥* mice
with the induction of CRC. f HE staining of murine colorectum from AOM/DSS-
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images from 3 independent experiments). Percentages of LGD, HGD, and carci-
noma in the tissues were determined. g Representative images of IHC staining for
HMGALI and Ki67 in normal colorectum and CRC (Scale bar= 20 um). Data are
presented as mean + SD. Statistical significance was determined by two-tailed
unpaired t-test (b, d, g) or log-rank test (e). n =12. LGD: low-grade dysplasia; HGD:
high-grade dysplasia; AOM: azoxymethane; DSS: dextran sulfate sodium. Source
data are provided as a Source Data file.
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b Representative macroscopic views of colorectum from control and CRC mice.
The colorectal length of mouse was measured. ¢ Representative images of CRC.
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data are provided as a Source Data file.
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Taken together, these data suggest that HMGAI promotes de novo
lipogenesis in CRC cells.

Lipid accumulation mediates the oncogenic activity of HMGA1
To determine the role of lipid accumulation in HMGAI-involved
oncogenic activities, we first exposed HMGA1-depleted HT-29 cells to
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palmitic acid (PA) and determined cellular oncogenic phenotypes. PA,
generated by the condensation of seven malonyl-CoA and one acetyl-
CoA catalyzed by FASN, is the main product of de novo fatty acid
synthesis. The expression of FASN was not affected by the addition of
PA (Supplementary Fig. 13a, b). However, supplement of PA reversed
HMGALI knockdown-induced decrease of intracellular neutral lipids
(Supplementary Fig. 13c-e) and restored the proliferation and colony
formation of HMGAL depleted cells (Supplementary Fig. 13f-h).
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Fig. 4 | HMGAL1 promotes lipid accumulation. a Pathway analysis of differentially
enriched metabolites in IECs from HmgaI™¥"* mice as compared with those in I[ECs
from Hmgal~" mice. b Untargeted metabolomics was used to identify metabolites
in IECs from Hmgal~™ and Hmgal"/™ mice. The heatmaps showed significantly
up-regulated metabolites (left panel) and down-regulated metabolites (right panel)
in IECs from Hmgal~"™ mice. ¢ Neutral lipids was assessed by oil red O staining in
HMGAI-overexpressed HT-29 cells (Scale bar =20 um). d The relative levels of tri-
glycerides, total cholesterol, and free fatty acids in HMGAl-overexpressed HT-29

cells. e Nile red staining of HMGA1-overexpressed HT-29 cells (Scale bar =20 pm).
n=3.f, g Lipogenesis in the colorectum (CRC) from control and AOM/DSS-induced

Rosa26"™V* and Hmgal"™“°"* mice was determined by oil red O staining (f) (Scale
bar =20 pm) and nile red staining (g) (Scale bar =50 um) using frozen sections.
n=12. h HMGALI overexpression and control HT-29 cells were cultured in glucose
free DMEM in the presence of [U-2C] glucose (2 g/L) for 6 h. Saturated and
monounsaturated FFAs labeled by C were analyzed using UHPLC-QTOF-MS-based
nontargeted metabolomics. Data are presented as mean + SD. Statistical sig-
nificance was determined by two-tailed unpaired t-test (d, e, f, h) or hypergeo-
metric test (a). Representative data from 3 independent experiments. IECs:
intestinal epithelial cells. Source data are provided as a Source Data file.

Next, we exposed HMGAIl-overexpressed HT-29 cells to orlistat,
an inhibitor for de novo fatty acid synthesis'>*. Application of orlistat
reduced lipid accumulation (Supplementary Fig. 14a-c) and mitigated
HMGAL overexpression-induced CRC cell proliferation and colony
formation (Supplementary Fig. 14d-f). Collectively, these results sup-
port our notion that lipid accumulation mediates HMGA1 oncogenic
activity in CRC cells.

HMGALI1 upregulates FASN

To explore the mechanism by which HMGALI promotes lipid accumu-
lation in CRC, we performed an RNA-seq of control and HMGAI-
knocked down HT-29 cells. Consistent with findings in the untargeted
metabolomic analysis (Fig. 4a), the transcriptome assay revealed an
enrichment in genes in fatty acid biosynthesis in HMGAL1 deficient cells
(Fig. 5a, b). We analyzed the correlation between HMGAL and key
molecules involved in fatty acid synthesis, such as ACLY, FASN,
MLYCD, SCD1, ACC1, ACSL1, ACSL3, ACSL4, ACSL5, ACSL6, FABP4, and
FABPS, and fatty acid oxidation, such as ACOX1 and CPT1A (Fig. 5a). It
showed that depletion of HMGAI mainly reduced the expression of
fatty acid synthesis genes (Fig. 5a). We validated the changes in lipid
metabolism genes identified by the RNA-seq analysis with qPCR. It
showed that HMGALI overexpression upregulated and HMGAI deple-
tion downregulated genes associated with de novo fatty acid synthesis,
such as FASN, ACLY, and ACCI1, but not fatty acid B-oxidation genes,
such as ACSL4, ACOX1, and CPTIA in HT-29 cells (Supplementary
Fig. 15a, b). Consistently, validations with HMGAl-manipulated HCT116
and LoVo cells also demonstrated that HMGAI mainly regulated genes
in fatty acid synthesis, but not genes in fatty acid -oxidation (Sup-
plementary Fig. 15c-f).

We found that FASN was consistently the most significantly
changed gene in fatty acid synthesis in all three HMGAl-manipulated
cells (Supplementary Fig. 15). FASN is a key gene in de novo fatty acid
synthesis. *C-labeled newly synthesized FFAs in HMGAL over-
expression cells were increased, which was reversed by FASN inhibitor,
orlistat (Fig. 5¢), indicating that FASN may mediate HMGAIl-induced
intracellular de novo lipogenesis. Western blot detection demon-
strated that expression of FASN was compromised in HMGA1-knocked
down cells and elevated in HMGAI-transduced cells (Fig. 5d). We also
found that ACC1 and ACLY were only marginally affected by the
expression of HMGAL in the Western blot assay (Supplementary
Fig. 16). To further exclude the potential impact of ACC1 and ACLY on
HMGAL-induced de novo lipogenesis, we detected the outcome of
ACC1 and ACLY inhibition on HMGAI-induced lipid droplet formation
and lipid synthesis and found that inhibition of ACC1 with TOFA
(RMI14514) and suppression of ACLY with ETC-1002 (bempedoic acid)
could not affect HMGAIl-induced lipid accumulation (Supplemen-
tary Fig. 17).

We analyzed the expression of FASN in human CRC in TCGA and
found that FASN was positively correlated with HMGAL at the mRNA
level (Fig. 5e) and at the protein level analyzed with reverse-phase
protein array (RPPA) (Supplementary Fig. 18). Our IHC staining showed
that the expression of FASN was very low in human normal colon
tissues, and increased markedly in human CRC tissues (Fig. 5f), which

displayed a similar pattern with the expression of HMGAL in the CRC
tissues (Fig. 5f). In addition, we detected the expression of FASN in
intestinal epithelia (CRC) from HMGA1 genetically engineered mice
treated with or without AOM/DSS for the induction of CRC. A weak
staining of FASN was observed in normal colon tissue of mice without
the induction of CRC. Dysplastic adenomas and adenocarcinomas in
the colorectum from wild-type mice treated with AOM/DSS displayed a
strong staining of FASN (Fig. 5g, h and Supplementary Fig. 19). More
importantly, CRC tumors generated in Hmgal conditional knock-in
mice (Hmgal"™ °%*) bore a much stronger staining of FASN (Fig. 5g and
Supplementary Fig. 19a). Whereas IHC staining of FASN in the intestinal
epithelia of Hmgal conditional knock-out (Hmgal“~'t) mice was much
weaker than that in Hmgal™"* mice regardless the presence or
absence of AOM/DSS induction (Fig. 5h and Supplementary Fig. 19b).
Taken together, our current data suggest that HMGAL upregulates
FASN, which leads to the increased de novo fatty acid synthesis in CRC.

FASN mediates HMGA1-upregulated fatty acid accumulation
To determine the role of FASN in HMGAIl-promoted accumulation of
fatty acids, we transduced FASN into HMGAIl-knockdown cells.
Depletion of HMGAL led to a reduction in intracellular neutral lipids
(Supplementary Fig. 20a, b). Intracellular TG, TC, and FFAs were
decreased due to the depletion of HMGAL1 (Supplementary Fig. 20c).
Transduction of FASN reversed the reduction in intracellular lipids and
recovered the levels of TG, TC, and FFAs in HMGA1 knockdown cells
(Supplementary Fig. 20). In contrast, silencing FASN abrogated HMGA1
overexpression-induced accumulation of neutral lipids and elevation
of TG, TC, and FFAs in cells (Supplementary Fig. 21). Further, applica-
tion of orlistat, an inhibitor of FASN, also reduced HMGAl
overexpression-induced lipid accumulation and mitigated intracellular
contents of TG, TC, and FFAs (Supplementary Fig. 14). Collectively,
these results suggest that FASN mediates HMGA1-induced intracellular
lipid accumulation.

FASN inhibition has been shown to affect multiple signaling
pathways as FASN is a central metabolic hub involved in the generation
of bio-active lipids, many of which possess growth factor properties.
FASN inhibition may also disturb the NADP/NADPH balance resulting
in high levels of ROS, and affects acetyl-CoA levels potentially
impacting protein acetylation®. We detected the ratio of NADP/
NADPH and the level of acetyl-CoA in HMGA1 overexpression or
knockdown cells and found that alterations of HMGA1 were unable to
affect NADP/NADPH ratio and acetyl-CoA levels compared with con-
trol cells in our experimental settings (Supplementary Fig. 22).

HMGAL1 promotes the transcription of FASN by enhancing the
activity of SREBP1

HMGAL has previously been shown to play a role in the regulation of
PI3K/AKT/mTOR signaling, which is known to increase de novo lipid
synthesis through multiple pathways, including activation of SREBP1
and upregulation of FASN™. In addition, HMGALI has also been shown
to regulate c-Myc expression®” and FASN is an important effector
downstream of mTORCI1 and c-Myc in hepatocellular carcinoma®.
Thus we detected the effects of HMGAL1 overexpression on PI3K/AKT/
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mTORCI and c-Myc. It showed that HMGAl-manipulations did not
affect the expression of PI3K/AKT, mTORCI, and c-Myc in HT-29 cells
(Supplementary Fig. 23). c-Myc and mTORCI were also not affected by
the expression of HMGAL in the intestinal epithelia (CRC) of Hmgal
conditional knock-in or knockout mice (Supplementary Fig. 24). None
of the observed phenotypes on lipid synthesis induced by HMGA1
overexpression were rescued by inhibitor of AKT (MK-2206), c-Myc
(10058-F4), and mTORCI (rapamycin) in cells (Supplementary Fig. 25).
In addition, inhibition of mTORC1 with rapamycin or c-Myc with
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10058-F4 was unable to affect the expression of FASN in HMGAI-
overexpression HT-29 cells (Supplementary Fig. 26). Taken together,
our data suggest that HMGAl-upregulated FASN is independent of the
activation of PI3K/AKT, mTORCI, and c-Myc in our current experi-
mental settings.

To elucidate the mechanism by which HMAGI regulates FASN, we
performed a co-IP assay to determine whether there is a direct inter-
action between HMGAL and FASN. It showed that there was no direct
interaction between HMGAI1 and FASN by the co-IP assay (Fig. 6a).
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Fig. 5| HMGALI upregulates FASN in CRC. a Differentially expressed genes in lipid
metabolism in HMGA1-knockdown CRC cells compared with control CRC cells from
RNA-seq. b GSEA plot of fatty acid synthesis genes identified in RNA-seq in HMGA1-
silenced HT-29 cells. NES, normalized enrichment score. ¢ Saturated and mono-
unsaturated FFAs with C-labeled in control and HMGAIl-overexpressed cells
treated with orlistat. Control and HMGAIl-overexpressed HT29 cells were treated
with 20 uM orlistat for 18 h. Cell culture medium was then replaced with glucose
free DMEM in the presence of [U-®C] glucose (2 g/L) and orlistat for 6 h. Each dot
represents a sample (n = 3). d The samples derive from the same experiment but
different gels for HMGAL, FASN, another for CPT1A and another for B-actin were
processed in parallel. 3-actin served as loading control (The quantification pro-
vided under the blots is for the representative blot from 3 independent

experiments). e The correlation between HMGAL1 and FASN in CRC patients from
the TCGA database. f Representative IHC staining of HMGA1 and FASN in human
colorectal and CRC tissues (Scale bar =20 um). g Representative images of IHC
staining for FASN in the coloretum (CRC) from Rosa26"™* and Hmgal™°"* mice
induced with or without AOM/DSS (Scale bar =20 pm) (n=12 mice per group).

h Representative images of IHC staining for FASN in the colorectum (CRC) from
Hmga1™"* and HmgaI~'"® mice induced with or without AOM/DSS (Scale

bar =20 pm) (n =12 mice per group). Data are presented as mean + SD. Statistical
significance was determined by two-tailed unpaired t-test (c, d, g, h), two-tailed
paired t-test (), permutation test (b), or Pearson correlation coefficient (e). GSEA:
gene set enrichment analysis, TCGA: The Cancer Genome Atlas. Source data are
provided as a Source Data file.

HMGAL is a non-histone chromatin protein, which acts as a structural
transcription factor affecting the transcriptional efficiency of target
genes. Our previous data showed that HMGA1 regulated FASN at both
mRNA and protein levels (Fig. 5a, d and Supplementary Fig. 15). Thus,
we speculated that HMGA1 might regulate FASN by enhancing its
transcription. To test our hypothesis, we performed an ATAC-seq assay
to determine the chromatin accessibility in cells with or without
HMGA1 manipulation. We found that the transcriptional signals
around the transcriptional start site (TSS) in FASN gene were strikingly
reduced in HMGA1-knockdown cells in the ATAC-seq assay (Fig. 6b),
indicating that depletion of HMGA1 compromised the openness of TSS
of FASN and reduced the chromatin accessibility of the region to
transcription factors.

To determine whether expression of HMGAL affects the tran-
scription of FASN, we cloned the promoter region of FASN from
2000 bp upstream to 500 bp downstream of the TSS (-2000 bp to
+500 bp) into a luciferase report vector (pGL3-basic), transfected the
vector into HMGAI-manipulated cells, and performed a dual luciferase
reporter assay. As compared with empty vector-transduction, HMGAL
knockdown significantly decreased the luciferase activity of the FASN
promoter (Fig. 6c), whereas overexpression of HMGA1 markedly
enhanced the luciferase signal of the FASN promoter (Fig. 6d), indi-
cating that HMGALI could promote the transcription of FASN.

HMGAL is an ‘architectural’ transcription factor, which does not
possess an intrinsic transcriptional activity, but is able to transactivate
promoters through mechanisms that facilitate the assembly and sta-
bility of a multicomponent enhancer complex, which drives gene
transcription in response to extracellular and intracellular signals®.
SREBP], as a transcription factor, plays an important role in de novo
fatty acid synthesis by regulating fatty acid synthesis related genes,
such as FASN, ACLY and ACC1*. We analyzed the expression of SREBP1
and FASN in CRC in TCGA and identified a strong positive correlation
between FASN and SREBPI (Fig. 6e). Thus, we asked whether HMGAL
affects the transcription of FASN by regulating the binding of SREBP1
to FASN promoter region. Manipulations of HMGAL1 did not affect the
expression of SREBP1 (Fig. 6f), but indeed there was a direct interac-
tion between HMGA1 and SREBP1 (Fig. 6g). Immunofluorescence
staining showed that HMGA1 and SREBP1 were co-located in the
nucleus of CRC cells (Fig. 6h). Depletion of HMGAL substantially
reduced the promoter activity of FASN, which was restored by the
enforced expression of SREBP1 and further suppressed by the silencing
of SREBP1 (Fig. 6i). In contrast, enforced expression of HMGAL signifi-
cantly increased the promoter activity of FASN, which was suppressed
by the silencing of SREBP1 and further promoted by the over-
expression of SREBP1 (Fig. 6j). These results suggest that HMGAL ele-
vates FASN by enhancing SREBP1-promoted transcription of FASN.

Next, we tried to identify the specific sites at which HMGAL1 reg-
ulates the transcriptional binding of SREBP1 to FASN promoter. The
existing FASN promoter with the length of 2500 bp was divided into
three segments: F1 (~2000 bp ~-1000 bp), F2 (-1050 bp - -500 bp),
and F3 (-500 bp~+500bp), and were cloned into the pGL3-basic

vector respectively (Fig. 6k). The fragments of FASN promoter were
then transduced into cells with or without HMGAI manipulations. The
results showed that there was no luciferase signal when the F1 was
applied regardless of the presence of HMGALI or not. However, over-
expression of HMGAL increased and knockdown of HMGAL inhibited
the luciferase activity of F2 and F3 (Fig. 61, m).

We screened the transcriptional binding sites of SREBP1 in the
FASN promoter region through the JASPAR database (http://jaspar.
genereg.net/) and identified 4 high score binding sites. Among them,
the binding site -1179 ~ -1170 bp was located in F1 fragment, which we
previously showed no activity for the transcription of FASN. The other
3 binding sites were located in F2 and F3 fragment respectively.
Because of the continuity of the two predicted fragments (-67 - -58 bp,
-57 - -48 bp) located in F3 fragments, we named the two predicted site
R2 (-67--48 bp) jointly, and the remaining site was named Rl
(-651~-642 bp) (Fig. 6k). We mutated the possible binding sites of
SREBP1 in the promoter fragment sequences, cloned them into pGL3-
basic vector, and performed a dual-luciferase report assay. Mutation of
R2 (=67 - —48 bp), but not R1 (=651 - -642 bp), led to the decrease of
the luciferase activity, which was no longer regulated by HMGA1
(Fig. 61, m). In addition, chromatin immunoprecipitation assay (ChIP)
confirmed that HMGAL promoted the binding of SREBP1 to the FASN
promoter region in HT-29 cells (Fig. 6n). R2 (=67 --48 bp) was
essential for the activation of FASN transcription by HMGA1, and
inhibition of HMGAL significantly reduced the binding of SREBP1 to
FASN promoter in the ChIP qPCR assay (Fig. 6n). These results suggest
that HMGAL contributes to the binding of SREBP1 to FASN promoter
and promotes its transcription.

HMGALI binds to AT-rich regions in the minor groove of DNA
through three basic AT-hook domains”. Next, we aimed to determine
whether HMGAL regulates the transcriptional activation of FASN
through the AT-hook domains. We used a dual luciferase assay to
detect the transcriptional activity of FASN promoters in cells trans-
duced with wild-type or HMGA1 mutants containing different AT-hook
domain deletions (Supplementary Fig. 27a). The results showed that
deletions of AT-hook I (21-31aa) and AT-hook Il (78-89aa) had almost
no impact on the transcriptional activity of FASN promoter, whereas
deletion of AT-hook Il (53-62aa) significantly decreased the transcrip-
tional activation of FASN (Supplementary Fig. 27b). Thus, we conclude
that HMGAL1 promotes the transcriptional activation of FASN through
its AT-hook Il domain.

Administration of high-fat diet eliminates the protection of
HMGAL1 depletion on Hmgal~"™ mice from CRC tumorigenesis
In order to further clarify the role of lipid synthesis in HMGAI-involved
tumorigenesis of CRC, we fed Hmgal™¥" (control for the knockout)
mice and Hmgal~"™ mice with high-fat diet (HFD) and induced murine
CRC with AOM/DSS (Fig. 7a, d). HFD increased AOM/DSS-induced CRC
tumorigenesis and decreased the survival of HmgaIl™¥"* (control)
mice (Fig. 7b, c and Supplementary Fig. 28a). The number and size of
CRC in Hmga1"™"* mice were increased due to the exposure to HFD.
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Hmgal~"™ mice induced with AOM/DSS bore much less and smaller
CRC tumors as compared with those observed in Hmga1™/" (control)
mice (Fig. 7b, ¢, e, f). However, administration of HFD eliminated the
protection of HMGAL depletion on Hmgal~"™ mice from CRC tumor-
igenesis and led AOM/DSS-induced CRC to the level occurred in
Hmga1"/"* mice (Fig. 7b, ¢, e, f and Supplementary Fig. 28b). All forms
of the foci (LGD, HGD, and adenocarcinoma) in the colorectum of mice

induced with AOM/DSS were increased due to the exposure of HFD
regardless of HMGAL state in the colorectum (Fig. 7g, i and Supple-
mentary Fig. 29a). The expression of FASN was only marginally affec-
ted by HFD exposure in normal colorectal tissue (Supplementary
Fig. 30a, b). However, FASN levels were markedly increased in the
intestinal epithelia (CRCs) of mice treated with AOM/DSS for the
induction of CRC, in particular in CRCs in mice fed with HFD
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Fig. 6 | HMGA1 promotes the transcription of FASN by enhancing the activity of
SREBPL1. a Co-IP assay to detect the interaction between HMGAL1 and FASN. b IGV
plots of ATAC-seq peaks at the FASN locus in HMGAL silencing and control CRC
cells. Boxed is the TSS site. ¢, d Luciferase reporter assay to detect the effect of
HMGATL silencing (c) or overexpression (d) on the luciferase activity of the FASN
promoter in CRC cells. e Correlation between FASN and SREBP1 in CRC patients
from the TCGA database. f The samples derive from the same experiment but
different gels for HMGAL, SREBP1, and another for B-actin were processed in par-
allel. B-actin served as loading control (The quantification provided under the blots
is for the representative blot from 3 independent experiments). g Co-IP assay to
detect the interaction between HMGAL and SREBP1. The samples derive from the
same experiment but different gels for HMGAL, and another for SREBP1 were
processed in parallel (The quantification provided under the blots is for the
representative blot from 3 independent experiments). h Immunofluorescence
detection of HMGA1 and SREBP1 in CRC cells (Scale bar =10 pm). i Luciferase
reporter assay to detect the effect of SREBP1- overexpression or silencing on FASN

transcription in HT-29 cells with or without HMGA1 knockdown. j Luciferase
reporter assay to detect the effect of SREBP1 silencing or overexpression on
HMGATI-activated FASN transcription in HT-29 cells. k Schematic illustration of the
mutated promoter sites in pGL3-Basic-FASN reporter. Potential binding sites of
SREBP1 in FASN promoter targeted by HMGA1 were mutated. I, m Luciferase
reporter assay to detect the effect of SREBP1 binding sites mutated on HMGAI-
activated FASN transcription in HMGAI-knocked down (I) or HMGAI-
overexpressed (m) HT-29 cells. n Chromatin immunoprecipitation-qPCR assay
(ChIP-qPCR) to verify that HMGAL facilitated the binding of SREBP1 to the promoter
of FASN in HT-29 cells. Data are presented as mean + SD from 3 independent
experiments. Statistical significance was determined by two-tailed unpaired t-test
(c,d, i,j, 1, m, n) or Pearson correlation coefficient (e). Ns, no statistical difference.
IGV: integrative genomics viewer; ATAC-seq: assay for transposase accessible
chromatin using sequencing; Co-IP: co-immunoprecipitation. Source data are
provided as a Source Data file.

(Supplementary Fig. 30). Compared to AOM/DSS-induced tumors
generated in Hmgal®"™ mice fed with normal diet, tumors from mice
co-treated with AOM/DSS and HFD bore a high level of Ki67 positive
cells (Fig. 7h, j and Supplementary Fig. 29b). The results indicate that
HFD supplementation promotes AOM/DSS-induced CRC tumorigen-
esis in Hmgal®"™ mice.

Inhibition of FASN-mediated lipid synthesis abrogates HMGA1-
promoted tumorigenesis of CRC

Next, we detected the functional consequence of suppressing FASN-
mediated lipid synthesis on HMGAI-promoted CRC. We treated AOM/
DSS-induced or non-induced Hmgal™°¥* (knock-in) mice and
Rosa26"™* (control for knock-in) mice with orlistat (50 mg/kg), an
inhibitor of FASN-mediated lipid synthesis, by gavage every other day
(Fig. 8a, d). Surprisingly, the survival of Hmgal™°%* mice induced with
AOM/DSS was increased with the treatment of orlistat (Supplementary
Fig. 31). The number and size of CRC in these mice were significantly
decreased with the administration of orlistat (Fig. 8b, c, e, f). The
proportions of LGD, HGD, and adenocarcinoma in these mice were all
decreased (Fig. 8g, i and Supplementary Fig. 32a). The percentage of
Ki67 positive cells in CRC (intestinal epithelia) from AOM/DSS-induced
Hmgal™°%* mice treated with orlistat was also reduced (Fig. 8h, j and
Supplementary Fig. 32b), indicating that inhibition of FASN-mediated
lipid synthesis suppresses CRC tumorigenesis in Hmgal"™°¥* mice. It is
worth noting that orlistat reduced CRC formation and development
not only in Hmgal gene knock-in mice (HmgalI™®°%), but also in
Hmgal gene normal background mice (Rosa26"™*) (Fig. 8), war-
ranting an application of orlistat in the prevention and treatment of
CRC. Taken all together, our data reveal that suppressing lipid synth-
esis could be an effective therapeutic method for CRC, in particular to
those with elevated HMGAL.

Discussion

Metabolic remodeling is a critical hallmark of tumors, with abnormal
lipid metabolism supplying the energy required for malignant pro-
gression and accelerating CRC proliferation. Therefore, understanding
the molecular mechanisms underlying dysregulated lipid metabolism
in CRC may offer valuable therapeutic strategies®®”. In this study, we
found HMGAL1 was overexpressed in patients with CRC. HMGAL pro-
moted tumourigenesis in AOM/DSS-treated mouse CRC models
although it did not induce neoplasias by itself but promoted tumour-
igenesis once mice were treated with the carcinogen AOM/DSS. We
employed the AOM/DSS mouse model of CRC and found that HMGA1
drives CRC progression by activating FASN-mediated lipid synthesis.
Our results demonstrated that HMGAL is overexpressed in CRC and
increases lipid accumulation within CRC cells. Genetically engineered
HMGA1 mice further confirmed that HMGA1 promotes both the
initiation and progression of CRC. We also identified that HMGA1

enhances de novo fatty acid synthesis in CRC cells by upregulating
FASN transcription (Supplementary Fig. 33). These findings highlight
the critical role of HMGAL in reprogramming lipid metabolism in CRC
and suggest it as a potential therapeutic target.

Belton et al. previously reported that HMGAL transgenic mice
develop polyposis, characterized by increased proliferation of IECs,
though no neoplasia was detected, with only hyperplasia noted in their
findings®. The level of HMGAL overexpression observed in that study
appears comparable to our current work. While Belton et al. demon-
strated that HMGA1 promotes polyp formation—often considered an
early stage of precancerous lesions—the study did not show progres-
sion to neoplasia. It is crucial to recognize that chronic colonic
inflammation is a well-established risk factor for CRC, particularly in
individuals with inflammatory bowel disease (IBD), who face a sig-
nificantly increased risk of developing CRC**°. In our study, the
emergence of a neoplastic phenotype following DSS-induced colitis
more accurately reflects the inflammation-driven carcinogenesis pro-
cess seen in humans. The DSS treatment models chronic inflammation,
and in combination with HMGA1 overexpression, likely drives the
transition from hyperplasia to neoplasia, closely mirroring the
inflammatory environment that fosters CRC development in humans.

HMGAL regulates the transcription of key genes involved in glu-
cose metabolism and plays a critical role in maintaining glucose
homeostasis*. In gastric cancer, elevated HMGALI levels promote gly-
colysis by directly upregulating c-Myc, a key transcription factor
involved in aerobic glycolysis®. In CRC, caveolin-1, a scaffolding pro-
tein that is the primary component of caveolae plasma membranes,
facilitates the translocation of HMGA1 from the cytoplasm to the
nucleus, thereby enhancing aerobic glycolysis by stimulating GLUT3
transcription®’. Williams et al.**** conducted metabolomics and
bioinformatics analyzes, revealing that fatty acid content was elevated
in fecal samples and highly proliferative colorectal polyps with HMGA1
overexpression, suggesting that HMGA1 may regulate fatty acid
synthesis. To further investigate the mechanisms by which HMGAL
regulates fatty acid metabolism, we performed a metabolomics ana-
lysis on the intestinal epithelium of Hmgal~"™ and HmgaI™"* mice,
identifying significant alterations in lipid metabolism-related path-
ways. RNA-seq analysis demonstrated a marked reduction in FASN, a
key enzyme in de novo fatty acid synthesis, in the absence of HMGAL,
supporting our hypothesis that HMGA1 promotes lipid accumulation
by enhancing fatty acid synthesis.

De novo fatty acid synthesis is a critical step in lipid metabolism,
essential for maintaining cellular functions. While most normal human
tissues rely on exogenous (dietary) lipids to generate structural lipids,
endogenous fatty acid synthesis is typically suppressed**. However, in
tumor cells, even when exogenous lipids are available, the de novo
fatty acid synthesis pathway is activated to meet the bioenergetic
demands of rapid cell division*. These newly synthesized fatty acids
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Fig. 7 | HFD abrogates the protection of HMGAL1 depletion on Hmgal~" mice
from CRC tumorigenesis. Hmgal™"* and Hmgal~"*® mice were treated with high
fat diet (HFD) and AOM/DSS for the induction of CRC. a, d Schematic diagram of
the induction. b, e Representative images of colorectum in the mice. c, f The

number and size of tumors in the entire colorectum in each mouse were measured.
g, i HE staining of the colorectum (CRC) from mice treated with control diet (CD),
CD and AOM/DSS, HFD, and HFD and AOM/DSS (Scale bar = 20 um. Representative

images from 3 independent experiments). The percentage of LGD, HGD, and car-
cinoma was determined. LGD: low-grade dysplasia; HGD: high-grade dysplasia.

h, j Representative images of IHC staining of Ki67 in murine colorectum (Scale
bar =20 pm). Data are presented as mean + SD. Statistical significance was deter-
mined by two-tailed unpaired ¢-test (c, f, h, j). n=12. Source data are provided as a
Source Data file.
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Fig. 8 | Inhibition of FASN-mediated lipid synthesis mitigates HMGA1-
promoted CRC tumorigenesis. Rosa26"™*/* and HmgaI™ °** mice were treated
with AOM/DSS for the induction of CRC. Orlistat (50 mg/kg) was applied to the
mice by gavage every other day for the entire duration in the CRC induction.

a, d Schematic diagram of the induction and orlistat treatment. b, e Representative
images of colorectum in the mice. ¢, f The number and size of tumors in the entire
colorectum of each mouse were measured. g, i HE staining of colorectum (CRC)

from mice treated with control (water), AOM/DSS, orlistat, and AOM/DSS and
orlistat (Scale bar =20 pm. Representative images from 3 independent experi-
ments). The percentage of LGD, HGD, and carcinoma was determined. LGD, low-
grade dysplasia; HGD, high-grade dysplasia. h, j Representative images of IHC
staining of Ki67 in colorectum (CRC) from the mice (Scale bar =20 um). Data are
presented as mean + SD. Statistical significance was determined by two-tailed
unpaired t-test (c, f, h, j). n=12. Source data are provided as a Source Data file.
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support signal transduction, energy storage, and membrane
synthesis*®*%. Thus, HMGAI1-driven de novo fatty acid synthesis may
play a broad role in CRC tumorigenesis and progression.

To explore how HMGAL upregulates lipid content in CRC cells, we
performed RNA-seq analysis to identify lipid metabolism-related genes
deregulated by HMGAL. A cluster of genes encoding key enzymes in de
novo fatty acid synthesis, including ACLY, ACC1, FASN, and SCD, was
significantly downregulated following HMGA1 knockdown. Among
these, FASN exhibited the largest fold change (Fig. 5a). As a key bio-
synthetic enzyme, FASN catalyzes the production of fatty acids, driving
their accumulation within cells. Previous studies have shown that FASN
expression in CRC is regulated by various factors, and increased fatty
acid synthesis promotes CRC development>*=., In this study, we
demonstrated that HMGAL is a critical factor for FASN upregulation,
thereby enhancing lipid accumulation and contributing to CRC pro-
gression. This suggests that a detailed understanding of the signaling
pathway through which HMGAL1 influences CRC tumorigenesis is
necessary.

Like HMGAL, FASN plays an essential role in embryonic develop-
ment. Fasn” mutant mouse embryos die at early developmental stages,
underscoring the enzyme’s importance. In post-embryonic life, FASN
expression is relatively low in most tissues, except in the liver, adipose
tissue, and lactating mammary glands, where it is highly expressed®>*>.
However, FASN is notably overexpressed in various tumors*. To
investigate the molecular mechanisms by which HMGAL regulates
FASN, we first confirmed through co-immunoprecipitation (co-IP)
assays that there is no direct interaction between HMGA1 and FASN at
the protein level. However, dual-luciferase assays revealed that HMGA1
enhances FASN promoter activity, indicating transcriptional regula-
tion. FASN transcription is regulated by various factors, with SREBP1
being a well-established transcription factor in lipid synthesis regula-
tion. SREBP1 is synthesized in the endoplasmic reticulum, transported
to the Golgi apparatus, and cleaved at the N-terminal to produce its
active form, which then translocates to the nucleus to initiate the
transcription of lipid synthesis genes®. Our co-IP assay showed a direct
interaction between HMGAL1 and SREBP1. Previous work by Zhu et al.*
identified that apelin induces HMGA1 deamidation, enhancing the
binding affinity of the apelin-HMGA1-SREBP1 complex to regulate lipid
metabolism and cell growth in non-small cell lung cancer (NSCLC). In
our study, silencing SREBP1 abrogated HMGAIl-enhanced FASN pro-
moter activity, supporting the idea that SREBP1 mediates HMGA1's
regulation of FASN and subsequent lipid accumulation.

Orlistat, an FDA-approved drug for obesity prevention, irrever-
sibly inhibits the thioesterase (TE) domain of FASN, thereby blocking
its activity®. In our study, orlistat reversed HMGAI1-driven CRC pro-
gression in murine models. Notably, orlistat not only reduced CRC
formation and progression in HMGA1-knockin mice (Hmgal™°%*) but
also significantly suppressed CRC tumorigenesis in HMGAI-normal
mice (Rosa26"™™*) (Fig. 8). These findings suggest that orlistat could
have broader applications in CRC treatment. Future studies should
explore the therapeutic potential of orlistat in CRC patients, particu-
larly those at high risk, such as individuals with polyps exhibiting ele-
vated HMGA1 expression. Expanding the use of orlistat for CRC
prevention in these high-risk populations is also warranted.

Despite significant progress in understanding the mechanisms by
which HMGAL1 drives malignancy, the upstream regulators governing
its activation remain largely unknown. Bush et al.”” previously reported
that HMGALI is markedly elevated in intestinal tumors of adenomatous
polyposis coli (APCY"™*) mice compared to normal intestinal mucosa.
Inhibition of Wnt signaling through enforced APC expression led to the
downregulation of HMGAL in CRC cells. Since APC mutations are
linked to the mobilization of the beta-catenin/TCF-4 transcriptional
complex and the subsequent activation of downstream oncogenic
targets, the authors analyzed the 5-flanking region of HMGAI and
identified two specific regions that bind the beta-catenin/TCF-4

complex both in vitro and in vivo. This established HMGAL as a direct
target of the beta-catenin/TCF-4 signaling pathway in CRC. These
findings strongly implicate Wnt/beta-catenin/TCF-4 signaling in the
regulation of HMGAL Additionally, Wnt/beta-catenin/TCF-4 signaling
also activates the transcription of c-Myc, a known transcriptional
activator of HMGAL, raising the possibility that HMGAL activation by
the Wnt/beta-catenin/TCF-4 pathway may be, in part, mediated
through c-Myc. This notion is supported by Akaboshi et al., who
demonstrated that HMGAL expression is reduced in gastric tissue upon
c-Myc knockdown®. Thus, it is plausible that APC mutations, at least
partially, drive HMGALI upregulation.

In colon cancer, APC inactivation and deregulation of associated
transcription factors are among the most common disease drivers.
APC mutations initiate the transition of cells into a hyperproliferative
state, and -80% of CRCs arise from APC inactivation due to either
germline or sporadic mutations®. The new classification system cate-
gorizes CRC into four consensus molecular subtypes (CMSs). Among
these, CMS2, CMS3, and CMS4 exhibit a higher frequency of APC
mutations (over 50%) compared to CMS1, making them more com-
monly associated with APC-mutated CRC. Therefore, we hypothesize
that HMGAL is likely to be more highly expressed in CMS2, CMS3, and
CMS4 CRCs.

Chromosomal imbalances are critical drivers of malignant trans-
formation and cancer progression. DNA copy number aberrations,
including the formation of isochromosomes, oncogene over-
expression, and tumor suppressor loss, are frequently observed in
tumors. For instance, chromosomal translocations have been identi-
fied as causative factors for the misexpression of HMGA2, another
member of the HMGA family, in mesenchymal tumors®® 2 Similarly,
chromosomal aberrations at 6p21-23, where HMGA1 (HMGI-Y) is
located, have been implicated in benign mesenchymal tumors®**,
suggesting that DNA copy number aberrations may contribute to
HMGA-driven tumorigenesis. Copy number gains affecting chromo-
some 6p have also been detected in various cancers and are associated
with more aggressive or metastatic disease, poor prognosis, and
venous invasion in colorectal, bladder, ovarian, and hepatocellular
carcinomas, as well as in large B-cell lymphoma and melanoma®.
Notably, most of these gains map to the 6p21-p23 region, where
HMGAL resides (6p21.31). Although the specific role of HMGA1 in CRC
predisposition due to chromosome 6p alterations is not yet fully
established, increased copy numbers of 6p have been linked to
advanced CRC stages (e.g., Dukes’ stage D) and metastasis. A com-
parative genomic hybridization (CGH) study revealed that 41% of CRC
patients with liver metastasis exhibit gains at 6p21%. These findings
suggest that chromosome 6p gains may contribute to CRC progres-
sion, and further characterization of genes in this region, such as
HMGAI, could offer valuable insights into CRC tumorigenesis
mechanisms.

Cancer cells may revert to a progenitor-like state through ded-
ifferentiation, evading the typical process of differentiation and
shedding during CRC development. This dedifferentiation can occur
when partially differentiated cells revert to a less differentiated state or
when the differentiation of colon stem cells is blocked, as both cell
types have the potential to give rise to colon cancer. In human
embryonic stem cells, HMGAI maintains a dedifferentiated state by
regulating genes associated with stemness and is crucial for repro-
gramming somatic cells into induced pluripotent stem cells
(iPSCs)°¢ %%, While no comprehensive studies have specifically exam-
ined HMGAL's role in the dedifferentiation of colorectal epithelial cells
in CRC, existing evidence strongly supports HMGAL's involvement in
promoting stem-like characteristics in poorly differentiated tumors
and stem cells®**°, HMGAL is aberrantly expressed in many cancers,
where it drives tumor progression and worsens prognosis by activating
stem cell transcription networks. It promotes the expression of key
pluripotency genes, such as SOX2 and c¢cMYC, and its knockdown
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reduces the expression of these genes®. Additionally, HMGAL1 interacts
with other key transcriptional regulators, such as STAT3, to maintain
cancer stem cell properties, highlighting its dual role in both normal
development and cancer progression’.

In summary, our study demonstrated that HMGAL is upregulated
in CRC, where its elevated expression accelerates CRC progression by
promoting lipid synthesis. FASN was identified as a key gene regulated
by HMGAL in this process, with HMGAI1 enhancing FASN expression
through SREBP1-mediated transcription. Inhibition of FASN reversed
HMGATI-induced lipid accumulation and cell proliferation, ultimately
slowing CRC development. These findings suggest that targeting the
HMGAI-FASN axis could be a promising therapeutic strategy for the
prevention and treatment of CRC.

Methods

Ethics statement

All animal protocols in this study were approved by the Institutional
Animal Care and Use Committee (IACUC) at Henan University, China,
and were conducted in accordance with institutional guidelines and
the Laboratory Animal Center of Henan University. The study complies
with ethical regulations for research involving animals and human
subjects. The collection and use of clinical materials and human sam-
ples were approved by the Institutional Research Ethics Committee of
the People’s Hospital of Anyang City.

Clinical samples
CRC and adjacent colorectal tissues were obtained from patients at the
People’s Hospital of Anyang City, who had not undergone radio-
therapy or chemotherapy prior to tumor resection. Normal tissues
adjacent to the CRCs were collected at least 5cm from the tumor
margin, following surgical guidelines. The tissue samples were fixed in
formalin and embedded in paraffin for subsequent experiments.
Pathological diagnoses were confirmed by two pathologists. Low-
grade dysplasia (LGD) was defined as low-grade adenoma/intrae-
pithelial neoplasia, while high-grade dysplasia (HGD) included high-
grade adenoma/intraepithelial neoplasia, carcinoma in situ, suspicion
of invasive carcinoma, and intramucosal carcinoma. Adenocarcinoma
was characterized by submucosal tumor invasion’”. We used de-
identified CRC tissue samples solely for immunohistochemistry (IHC)
staining, and no patient data, including demographic or clinical
information, was collected or used. As such, no compensation was
provided to participants, and no sex-based stratification or analysis
was performed, as the study only focused on the tissues and not on
patient-specific information.

This study was approved by the Human Medical Ethics Committee
of Henan University, and informed consent was obtained from all
patients for the use of their tissue samples.

HMGAL genetically engineered mice

HMGAI®PVillin-cre*  (Hmgal™°%*) conditional knock-in and
HMGAI™"*pVillin-Cre (Hmgal*®) conditional knockout mice were
C57BL/6] background and originally ordered from Cyagen (Suzhou,
China) and maintained in the laboratory for crossbreeding.

Induction of CRC in mice

Experiments involving mice were conducted using the C57BL/6)
genetic background. All mice were housed in an animal barrier facility
at Henan University under a 12-hour light/dark cycle, with food and
water provided ad libitum. Male and female mice (6-8 weeks old, n=6
per sex) were selected for the induction of CRC using azoxymethane/
dextran sulfate sodium (AOM/DSS). Mice received an intraperitoneal
injection of AOM (Sigma-Aldrich, St. Louis, MO, USA) at 10 mg/kg body
weight. One week later, they were given 2% (w/v) DSS (Meilunbio,
Dalian, China) in drinking water for 5 days, followed by regular water
for 14 days. This sequence, termed a DSS cycle, was repeated three

times. Body weight and stool were continuously monitored until
euthanasia at week 12. For the survival assay, 12 mice (6 males and 6
females) in each group were treated with AOM/DSS (water as control)
and observed for 5 months post-treatment. Since orthotopic color-
ectal tumors induced by AOM/DSS were not directly visible during the
mice’s lifetime, we determined the timing of sacrifice based on weight
loss and behavioral observations. Mice were euthanized when they lost
20% of their pre-experiment body weight, showed signs of severe
debilitation, or were on the verge of death, such as being unable to
move, and/or body condition scoring (BCS)”? reached 2.0. Distal colon
tissues were collected, and visible tumors on the colorectal mucosa
were counted. The weight and length of the colorectum were mea-
sured, photographed, and fixed in 4% formalin for histological analysis.

High-fat diet (HFD, Cat# XTHF60, Jiangsu Xietong Pharmaceutical
Bio-engineering Co., Ltd., Nanjing, China) and control diet (Cat# AIN-
93M) were used. The HFD contained 60% kcal from fat, 20% kcal from
protein, and 20% kcal from carbohydrates, while the control diet
consisted of 9.4% kcal from fat, 14.7% kcal from protein, and 75.9% kcal
from carbohydrates. Weight and food intake were recorded every
three days.

Cell culture

The human colon cancer cell lines HT-29, HCTI116, and LoVo were
derived from the American Type Culture Collection (ATCC) and cul-
tured in RPMI1640 (Procell, Wuhan, China) with 10% fetal bovine
serum (FBS, Lonza, Basel, Switzerland) and 1% penicillin / streptomycin
(Solarbio, Beijing, China). Cells were maintained in the cell incubator
with 5% CO2 and a humidified atmosphere at 37 °C.

Lentiviral transfection

shHMGA1 plasmids were purchased from Genepharma (Shanghai,
China). LentiCRISPRv3-HA-FLAG-HMGAL1 plasmid containing HMGA1
cDNA full-length was constructed in the lab. Target plasmids were
mixed with the packaging plasmid psPAX.2 and the envelope plasmid
pMD2.G in a ratio of 4:3:1 and transfected into HEK-293T cells with
Lipofectamine 2000 (Invitrogen, Carlsad, CA, USA). After 48h, the
conditioned medium containing viral particles was collected and fil-
tered through 0.45um filter. HT-29, HCT116, and LoVo cells were
incubated with the conditioned medium containing virus particles and
polybrene (8 ug / mL) (Solarbio, Beijing, China) for 24 h, and then
selected with puromycin (2.5 pg / mL) (Solarbio, Beijing, China) for
2 weeks for the establishment of stable cell lines. qRT-PCR and Western
blot were used for confirming the knockdown or overexpression
efficiency.

Real-time PCR assay

Total RNAs were extracted using TRIzol reagent (Thermo Fisher Sci-
entific, Waltham, MA, USA) and measured on a Nanodrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA
synthesis was performed with HiScript Il RT SuperMix Kit (Vazyme,
Nanjing, China). Real-time quantitative PCR was carried out using
ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) on
a Lightcycler 480 Il Detection System (Roche, Mannheim, Germany).
After normalizing with B-actin gene as internal control, the relative
mRNA was quantified by 2742 method’*. Primer sequences for the
qPCR were listed in Supplementary Table 1.

Western blotting

Total proteins were extracted using RIPA buffer containing protease
inhibitors and phosphatase inhibitors. Protein concentration was
measured with a BCA kit (Solarbio, Beijing, China). The total proteins
were separated by electrophoresis using SDS-PAGE gel and transferred
to PVDF membrane (Millipore, Temecula, CA, USA). Specific antibodies
were used for the detection of target proteins. ECL chemiluminescence
kit (Biosharp, Beijing, China) was applied for the development of the
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membrane. The antibodies used in this study were listed on Supple-
mentary Table 1.

Co-immunoprecipitation assay

The cell lysates (500 pg total proteins) were mixed with antibody
(3 pg) or corresponding IgG (negative control) and incubated on a
shaker at 4 °C for overnight. On the next day, 20 uL protein A/G
agarose beads (Santa Cruz Biotech, Santa Cruz, CA, USA) were added
to the mixture and incubated at 4 °C for 4 h. Agarose beads were col-
lected by centrifuging at 4 °C with 13,500 x g for 1 min and washed with
washing buffer (1/3 lysis buffer and 2/3 PBS) for 4 times with 5 min for
each time. 1 x SDS-PAGE protein sample loading buffer was then added
to the precipitation and boiled at 100 °C for 5 min for the following
immunoblot analysis.

Cell proliferation assay

CRC cells were inoculated into 96-well plates (2000 cells per well) and
treated differently. Cell count kit-8 (CCK8, Biosharp, Beijing, China)
was used to detect the proliferation of CRC cells.

Colony formation assay

CRC cells were inoculated into 6-well plates at a density of 600 cells
per well. The cells were cultured for 2 weeks. Cells were then fixed with
4% paraformaldehyde for 30 min, and then stained with 0.1% crystal
violet (Solarbio, Beijing, China). Colonies with 50 or more cells were
counted.

The detection of triglycerides, total cholesterol and free

fatty acids

CRC cells with different treatments were collected and counted. 1x 10°
cells were suspended in 200 L of PBS and treated with the ultrasound.
The homogenate obtained was used for subsequent detection of cel-
lular lipids. The triglycerides, total cholesterol, and free fatty acids
were then measured with corresponding assay kits from Solarbio Sci-
ence & Technology (Beijing, China) according to the manufacturer’s
instructions. The protein concentration in the homogenate was
detected using a BCA Protein Assay Kit (Solarbio, Beijing, China) and
applied for the normalization of the lipids.

0il red O staining

CRC cells were seeded into 6-well plates and cultured for overnight.
Cells were washed with freshly prepared PBS and fixed with 4% par-
aformaldehyde. The cells were then stained with oil red O working
solution (Solarbio, Beijing, China) for 30 min at room temperature.
After staining, the cells were washed with PBS for three times. Frozen
sections from murine orthotopic CRC were also stained with oil red O
solutions as described above.

Nile red staining

CRC cells were fixed with 4% paraformaldehyde, and then stained with
nile red dye (Solarbio, Beijing, China) at a final concentration of 1 pM.
DAPI (UElandy, Suzhou, China) was used to counterstain the nucleus.
The images were captured using a confocal laser scanning system (Carl
Zeiss, Oberkochene, Germany).

[U-C] glucose labeled lipid mass spectrometry

HMGAI1-overexpression, HMAGI1-knockdown and control HT-29 cells
were cultured in complete medium for 24 h. Standard complete media
were replaced by glucose free DMEM, which [U-2C¢] glucose (2 g/L)
were added in. Cells were cultured for 6 h to allow the isotope to be
incorporated into metabolites. The medium was then discarded and
cells were washed with 2mL PBS. 1mL pre-cooled mixture (400 pL
carbinol, 400 uL acetonitrile and 200 uL H,0) was added, and cells
were scraped off from the cell culture dish. The samples were applied

for the mass spectrometry analysis” conducted by Shanghai Biotree
Biotechnology Co., LTD. (Shanghai, China).

Isolation and culture of colonic epithelial cells from HMGA1
genetically engineered mice

The mice were euthanized, washed with pre-cooled PBS, and dis-
sected longitudinally. Colon tissues of the mice were isolated and
cut into 0.5 - 1.0 cm fragments and flushed 15-20 times with pre-
cooled PBS followed by incubation in 20 mL HBSS containing 2%
fetal bovine serum, 1 mM EDTA, and 1 mM DTT in a 50 mL centrifugal
tube with constant shaking at 200 rpm for 20 min at 37 °C. The
washed colon tissue pieces were transferred into a new tube con-
taining 20 mL HBSS buffer and incubated for another 20 min. The
colon tissues were cleaned again with 5mL DMEM medium con-
taining 10% FBS and then transfered to a tube with 5mL DMEM
containing 10% FBS, 50 U/mL collagenase type VIII, and 50 U/mL
DNase I, and incubated at 37 °C for 50 min with constant shaking at
200 rpm. The digested tissue fragments were swirled for 30 s and
the undigested tissue was removed through a 40 um filter. The fil-
tered cell suspension was centrifugated at 410 x g for 5 min at 4 °C
and then re-suspended in 10 mL DMEM containing 15% FBS, 100 U/
mL penicillin and 100 pg/mL streptomycin (Thermo Fisher Scien-
tific) for further culture’®.

Untargeted metabolomics analysis

IECs isolated from Hmgal™/™* (control for the knockout) and
Hmgal~™ (knockout) mice and CRCs from Rosa26"™** (control for
the knock-in) and HmgaI™°¥* (knock-in) mice induced with AOM/DSS
were used for the metabolomics and MS spectra. Three biologically
independent samples were applied in each group. Both the metabo-
lomics and the MS spectra were processed by Metware Biotechnology
Co., Ltd (Wuhan, China). Briefly, Acquit Ultra Performance LC I-class
system (Waters Corp. Milford, MA) connected to a Waters Synapt G2-Si
QTOF MS was applied for UHPLC-QTOF/MS assay. Sample was sepa-
rated using a Waters Acquity premier HSS T3 Column (1.8 um,
2.1 mm x 100 mm) maintained at 40 °C, a flow rate of 0.4 mL/min, and
the injection volume of 2 puL. The raw data acquired by LC-MS were
converted into mzXML format by ProteoWizard software”. All data
were analyzed using XCMS program for peak picking, alignment, and
normalization. Identified metabolites were annotated using KEGG
Compound database (http://www.kegg.jp/kegg/compound/). Anno-
tated metabolites were then mapped to KEGG pathway database
(http://www kegg.jp/kegg/pathway.html).

Assay for transposase accessible chromatin with high-
throughput sequencing

HMGAL silencing and control CRC cells were used for the ATAC
sequencing by Frasergen Biotechnology Co., Ltd (Wuhan, China).
Sequencing depth, sequencing error rate, and fragment length dis-
tribution were analyzed with the FastQC tool for validating the quality
of ATAC-seq data. The raw sequencing data was preprocessed to
remove low-quality sequences and duplicated reads. The ATAC-seq
data were then analyzed as follows. The preprocessed reads were
compared with the reference genome using the alignment tool Bow-
tie2. The peak calling algorithms (MACS2) was used to identify open
chromatin regions from sequencing data, which represented acces-
sible DNA regions. The genomic characterization of the identified open
chromatin regions was annotated using ChIPseeker, contributing to
determine the region’s association with genes and potential functional
roles. The enrichment of specific functions was determined by
enrichment analysis. The Visualization Tool (IGV 2.5.3) was used to
visualize the results of the ATAC-seq data, showing peak heights, the
distribution of open chromatin regions, and other relevant
information’®,
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Dual-luciferase report assay

CRC cells (7 x10%well) were planted into 96-well plates and trans-
fected with 50 ng pGL3 control or target plasmid and 50 ng Renilla A
plasmid per well for 48 h. The dual luciferase reporter gene activity was
determined by the Duo-Lite Luciferase Assay System (Vazyme, Nanj-
ing, China). The Renilla luciferase luminescence was used as a quan-
titation control.

Chromatin immunoprecipitation assay

Proliferating cells were cross-linked with 1% formaldehyde at 37 °C for
10 min, and the glycine solution was added to a final concentration of
0.125M to terminate the cross-linking. Cells were then collected and
lysed with SDS lysis buffer (50 mM Tris-HCI pH 8.0, 10 mM EDTA, 1%
SDS). The crosslinked DNAs were broken into 200-500 bp fragments
by ultrasound. Protein A/G agarose beads were then added to the pre-
cleared lysates at 4 °C for 2 h. SREBP1 antibody or IgG was added to the
lysates and incubated for overnight on a 4 °C shaker. After eluting the
complex of immunoprecipitation and reversing the crosslinking, the
purified DNA was quantified with qPCR. The PCR primers are listed on
the Supplementary Table 1.

Haematoxylin - eosin (HE) staining and immunohistochemistry
The mice colorectal tissues were fixed in formalin and embedded in
paraffin, then cut into 5 um-thick sections. The histological morphol-
ogy was observed by HE staining. Pathologic criteria used to define
LGD versus HGD are as follows. Normal means normal colonic mucosa.
LGD is characterized by simple glandular architecture. The neoplastic
crypt cells are elongated and dense, with deeply stained nuclei, but
maintain polarity relative to the basement membrane. HGD is char-
acterized by more pronounced nuclear atypia, with complex glandular
structures such as a cribriform appearance, and loss of epithelial
nuclear polarity. Carcinomas are malignant tumors of the glandular
epithelium consisting of tubular and/or villous structures that pene-
trate the mucous membrane of the muscularis’*°.

For immunohistochemical staining, the tissue sections were
dewaxed and hydrated, and the antigen was repaired by 0.01 mol/L
citric acid antigen repairing solution. The tissue slides were blocked by
1% BSA at room temperature for 1h and incubated overnight with
specific primary antibody at 4 °C. The Dako Envision HRP / DAB system
(Dako, Heverlee, Belgium) was used to detect the slices according to
the manufacturer’s instructions. Finally, the nucleus was stained with
hematoxylin. The stained sections were photographed with AxioSco-
peAl microscope (Zeiss, Germany) at 40x magnification. The staining
intensity was defined as: negative (intensity score, 0), weak (1), med-
ium (2), and strong (3), and the sum of staining scores per 100 colonic
epithelial cells was calculated”.

Immunofluorescence staining

CRC cells were cultured on cover slides and fixed with 4% paraf-
ormaldehyde at room temperature for 30 min. The cells were blocked
with 1% BSA at room temperature for 1h and then incubated with
mouse anti-HMGA1 monoclonal antibody (1: 200) and rabbit anti-
SREBP1 polyclonal antibody (1: 200) at 4 °C for overnight. The cells
were incubated with goat anti-mouse Alexa Fluor 647 antibody
(Abcam, Cambridge, UK) and goat anti-rabbit Alexa Fluor 488 (Abcam,
Cambridge, UK) at room temperature in darkness for 1 h. The nucleus
was re-stained with DAPI dye. For immunofluorescence staining of
tissues, paraffin-embedded tissues were dewaxed and hydrated, and
then the antigen was repaired with 0.01 mol/L citric acid antigen
repairing solution. These slides were blocked with 1% BSA at room
temperature for 1h, and the subsequent antibody incubation steps
were carried out to complete the immunofluorescent experiment. The
fluorescence microscope images were captured by confocal laser
scanning microscope system (CarlZeiss, Oberkochene, Germany) and
analyzed by ZEN (version 2012).

Statistics and reproducibility

Statistical analyzes were performed by using Student’s t-test, one-way
ANOVA or two-way ANOVA with GraphPad Prism 8.0 software. The
experimental data were presented as mean + SD. Survival curves were
plotted using the Kaplan-Meier method and compared by log-rank
test. P<0.05 was statistically significant. RNA sequencing and meta-
bolic profiling assays were conducted in three biological replicates. All
experiments requiring statistical analysis were repeated at least three
times with similar results. All repeated data presented are from the
biological replicates with 3 technical replicates in each biological
replicate. No statistical method was used to predetermine sample size.
No data were excluded from the analyzes. The experiments were not
randomized, except that mice were randomly grouped before differ-
ent treatments. Western blot and fluorescence images are shown as
representatives of three or more repeated experiments with similar
results. Uncropped versions of western blots are presented in the
Source Data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq data generated in this study have been deposited in GEO
under the accession number GSE247894. GEPIA was used for HMGA1
expression analysis. RNA-seq data in GEO under the accession number
GSE44076 and GSE41657 were analyzed for the expression of HMGAL.
Metabolomics data were included in Supplementary Data 1 and Sup-
plementary Data 2, and deposited in the MetaboLights database®
under accession code MTBLS11471 and MTBLS11495. All data sup-
porting current study are provided in the article, Supplementary
Information, and Source data. Source data are provided with
this paper.
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