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RAPID COMMUNICATION
Aberrant cholesterol metabolism in
colorectal cancer represents a
targetable vulnerability
Colorectal cancer (CRC) is the second most deadly adult
cancer in men and women combined, accountable 9.2% of
all cancer deaths.1 Drug resistance to chemotherapies, such
as 5-FU-related regimens, remains a major cause of cancer
recurrence and death in patients with CRC. Aberrant
metabolic changes in cancer cells are a significant cancer
hallmark.2,3 We hypothesize that elevated cholesterol
synthesis represents a targetable vulnerability in CRC.

To test this hypothesis, we first evaluated the cancer
recurrence risk of CRC patients with high (n Z 103) vs.
normal (n Z 489) cholesterol synthesis in cancer tissues
using the CRC cohort (n Z 592) from The Cancer Genome
Atlas (TCGA) program.4 We detected the total cholesterol
levels (see Supplemental Materials) in the collected CRC
tissues, and determined whether cholesterol-related gene
expression is associated with cholesterol levels. We found
that elevated expression of at least three cholesterol-
related genes (HMGCS1, HMGCR, SREBF2, SOAT1, and
ACAT1) relative to matched normal colon tissues was
associated with a high level of cholesterol in CRC tissues
(Fig. S1A, B).5 Based on these results, we divided colo-
rectal cancer patients in the TCGA CRC cohort into a high
cholesterol metabolism group (high cholesterol level was
indicated by high expression of the above genes relative to
diploid samples) and a normal cholesterol metabolism
group (Fig. S1). A Cox proportional hazards model was used
to adjust the effects of age, race, ethnicity, and cancer
stage. KaplaneMeier survival analysis with log-rank test
was used to compare cancer recurrence between the high
and normal cholesterol synthesis groups. We found that
patients with high expression of cholesterol genes in CRC
tissues demonstrated a significantly higher risk of cancer
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recurrence (19.35%) compared with patients with average
cholesterol metabolism (6.67%; P < 0.003) (Fig. 1A). These
results suggest that high cholesterol metabolism may be a
risk factor for CRC recurrence. In the TCGA cohort, the
adjusted hazard ratio of the high cholesterol synthesis
group was 4.35 (95%CI: 1.82e10.39, Fig. S2), which was the
highest score in the analysis (Fig. S2) of all factors,
including cancer stage. For example, we observed that
those patients with stage II and III CRC have worse survival
compared to those patients with stage I disease, with
adjusted hazard ratios of 2.45 (95%CI: 0.68e8.77), and
2.49 (95%CI: 0.67e9.28), respectively (Fig. S2). These
findings indicate that high cholesterol metabolism repre-
sents a significant risk factor for cancer recurrence, with
the highest hazard ratio of all the known cofounding fac-
tors, including cancer stage.

Next,we testedwhether cholesterol-lowering atorvastatin
effectively resensitizes treatment-resistant CRC cells to
chemotherapeutic agents. BecausemostCRCpatients receive
chemotherapy after diagnosis, cancer recurrence is likely a
result of drug resistance in cancer cells. Using 5-FU-resistant
CRC cell line LoVo-R, we tested whether cholesterol-lowering
atorvastatin is associated with an enhanced effect of 5-FU on
cancer cells. Using BLISS independence model, we found that
a combination of atorvastatin and 5-FU had a synergistic ef-
fect on cancer cell killing (Fig. 1B). In addition, we tested
other CRC cells for the role of atorvastatin in drug sensitivity
and found that cancer cells with high expression of choles-
terol-related genes are more sensitive to the combined
treatment of atorvastatin and chemotherapy (Fig. S1C, D).
This analysis indicates that atorvastatin sensitizes colon can-
behalf of KeAi Communications Co., Ltd. This is an open access
censes/by-nc-nd/4.0/).
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Figure 1 Cholesterol metabolism in colorectal cancer tissues and tumor-free survival and drug resistance. (A) KaplaneMeier
tumor-free progression in patients with high or low cholesterol metabolism in the cancer tissues as indicated by expression of
HMGCS1, HMGCR, SREBF2, SOAT1, and ACAT1 in the cancer tissues (P Z 0.0026). (B) 5-FU resistant LoVo cells have a high
cholesterol level (left) and are susceptible to the combined treatment of 5-FU and atorvastatin (right). * indicates P < 0.05; **
indicates synergy between two drugs (via the Bliss independence model, see Supplemental Materials).
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cer cells to chemotherapy, consistent with a previous report
on statin effects.5

In summary, we found that CRC with high cholesterol
synthesis activity had a high chance of cancer recurrence
and worse tumor-free survival. Our results also suggest
that atorvastatin sensitizes CRC cells with high cholesterol
levels to 5-FU. Thus, elevated cholesterol synthesis in
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CRC tissues represents a targetable vulnerability for
treatment.

Author contributions

XJ, JS and KH initiated and supervised the research. CMN and
JX performed analyses and the experiments respectively. AT,
HN, TFI and MH provided expertise comments and data
interpretation. XJ and JS prepared the manuscript. All au-
thors have reviewed and approved the final version of this
manuscript.

Conflict of interests

The authors declare no conflict of interests.

Funding

This work was supported by The Wells Center for Pediatric
Research, Riley Children’s Foundation, Jeff Gordon Chil-
dren’s Foundation, and IU Simon Cancer Center.

Data availability

The data sets generated and analyzed during the current
study are available from the corresponding author on
reasonable request.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gendis.2022.06.002.

References

1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022.
CA A Cancer J Clin. 2022;72(1):7e33.

2. Li J, Gu D, Lee SS, et al. Abrogating cholesterol esterification
suppresses growth and metastasis of pancreatic cancer. Onco-
gene. 2016;35(50):6378e6388.

3. Fece de la Cruz F, Gapp BV, Nijman SM. Synthetic lethal vul-
nerabilities of cancer. Annu Rev Pharmacol Toxicol. 2015;55:
513e531.
4. Cerami E, Gao J, Dogrusoz U, et al. The cBio cancer genomics
portal: an open platform for exploring multidimensional cancer
genomics data. Cancer Discov. 2012;2(5):401e404.

5. Gao S, Soares F, Wang S, et al. CRISPR screens identify choles-
terol biosynthesis as a therapeutic target on stemness and drug
resistance of colon cancer. Oncogene. 2021;40(48):6601e6613.

Jingwu Xie a,*, Chi Mai Nguyen b, Anita Turk c,
Hongmei Nan d, Thomas F. Imperiale e, Michael House f,

Kun Huang a,***, Jing Su a,**

aWells Center for Pediatric Research, Department of
Pediatrics, Indiana University School of Medicine,

Indianapolis, IN 46202, USA
bDepartment of Statistics and Data Science, Indiana

University School of Medicine, Indianapolis, IN 46202, USA
cDivision of Medical Oncology, Department of Medicine,
Indiana University School of Medicine, Indianapolis, IN

46202, USA
dDepartment of Global Health, Richard M. Fairbanks

School of Public Health, Indiana University, Indianapolis, IN
46202, USA

eDivision of Gastroenterology and Hepatology, Department
of Medicine, Indiana University School of Medicine,

Indianapolis, IN 46202, USA
fDepartment of Surgery, Indiana University School of

Medicine, Indianapolis, IN 46202, USA

*Corresponding author. Wells Center for Pediatric Research,
Department of Pediatrics, Indiana University School of

Medicine, Indianapolis, IN 46202, USA.

**Corresponding author. Department of Statistics and Data
Science, Indiana University School of Medicine, Indian-

apolis, IN 46202, USA.

***Corresponding author. Department of Statistics and Data
Science, Indiana University School of Medicine, Indian-

apolis, IN 46202, USA.
E-mail addresses: jinxie@iu.edu (J. Xie), kunhuang@iu.edu

(K. Huang), su1@iu.edu (J. Su)

26 May 2022
Available online 26 June 2022

https://doi.org/10.1016/j.gendis.2022.06.002
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref1
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref1
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref1
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref2
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref2
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref2
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref2
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref3
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref3
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref3
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref3
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref4
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref4
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref4
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref4
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref5
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref5
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref5
http://refhub.elsevier.com/S2352-3042(22)00176-3/sref5

	Aberrant cholesterol metabolism in colorectal cancer represents a targetable vulnerability
	Author contributions
	Conflict of interests
	Funding
	Data availability
	Appendix A. Supplementary data
	References


