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Real-world evidence for preventive effects of statins on
cancer incidence: A trans-Atlantic analysis

Dear Editor,

Cancer metastases severely limit therapeutic options:
their aggressiveness and treatment resistance! demand
novel therapeutic targets, new/repositioned drugs, or alter-
native interventions. We previously discovered that lovas-
tatin restricts colorectal cancer (CRC) growth and metas-
tasis via transcriptional inhibition of a tumour-promoting
“metastasis-associated in colon cancer 1” (MACC1) gene.’
MACCI, identified by our group,® is a known prognostic
and predictive biomarker for more than 20 solid tumour
entities.* In our present high-throughput drug screen with
HCT116/pMACCI-Luc cells (Figure 1A) we identified novel
transcriptional MACCI1 suppressors, for example, fluvas-
tatin, as promising inhibitors. Atorvastatin and simvas-
tatin also reduced MACC1 mRNA and protein expression
in a concentration-dependent manner (Figure 1B). We con-
firmed the inhibitory effects of statins in pancreatic and
gastric cancer cells (Figure S1).

MACCI1-dependent proliferation and cell clone form-
ing abilities were inhibited by statins and partly rescued
by induced overexpression (Figure 1C-G). Knocking-out
MACCI reduced proliferation (not further reducible by
statin treatment). In vivo, we treated CRC xenografted
SCID-beige mice with a human equivalent statin dose,
which reduced MACC1 expression, tumour burden and
metastasis formation (day 24; control vs. statin treatment
p < .0001, Figure S2 and Figure 2). Thus, at a molecu-
lar/mechanistic level, we provide experimental evidence
that statins act, at least partly, by inhibiting transcription
of the tumour-promoting and metastasis-inducing MACC1
gene.

Further, we used real-world evidence (RWE) approach
to examine associations between statin use and the preva-
lence of various cancers among patients with positive
diagnoses. We conducted a retrospective, two-centre (Uni-
versity Virginia, VA, USA and Charité Universitdtsmedi-
zin Berlin, Germany) observational, cohort-based, nested

case-control study, and evaluated all statin-taking patients
relative to control groups.

We considered 308 990 patients enrolled between 2008
and 2018. After data pre-processing (Figure 3, Figure S3,
and Table S1), 277 980 patients were included. Simvastatin
and atorvastatin (71% and 19% of the study populations),
pravastatin (5%), fluvastatin (2%), rosuvastatin (2%) and
lovastatin (1%) were considered.

Notably, statin intake correlated with a significant
reduction in cancer incidence (odds ratio [OR], .72;
95% confidence interval [CI], .70-.74). For statin-taking
patients, we calculated a higher cancer survival probability
versus subjects not taking any statins (Cox proportional-
hazards model; hazards ratio [HR], .64; 95% CI, .48-.86).
We found no difference for low-dose (20 mg: HR, 1.1; 95%
CI, 0.89-1.37) versus high-dose (80 mg: HR, 1.11; 95% CI,
.83-1.48) treatments; similarly, low-dose (10-20 mg: HR,
.80; 95% CI, .59-1.09) and high-dose atorvastatin regimes
(80 mg: HR, .72; 95% CI, .51-1.02) were comparable. When
considering each statin separately, we found a strong
cancer-preventive effect for atorvastatin (OR, .41; 95% CI,
.38-.43) and significant effects for fluvastatin (OR, .7; 95%
CI, .57-.85), pravastatin (OR, .63; 95% CI, .56-.71) and rosu-
vastatin (OR, .43; 95% CI, .36-.51); simvastatin showed only
a weak cancer-preventive effect (OR, .9; 95% CI, .87-.94),
and lovastatin effects were not readily assessed (relatively
few patients; broad confidence intervals; Table S2).

We also considered the clinical data as a 1:1 matched-
study design, using propensity score-matched sub-cohorts
to better control for confounding associations that might
stem from different distributions of age and gender
between the whole dataset and the subset of cancer
patients. We discovered further evidence supporting the
cancer-preventive effect of statins (Figure 4 and Figure S4):
(i) all statins considered together had an OR of .5 (95% CI,
.48-.51), with (ii) atorvastatin .30 (95% CI, .28-.32), fluvas-
tatin .65 (95% CI, .47-.88), lovastatin .51 (95% CI, .38-.7),
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FIGURE 1 Statins reduce metastasis-associated in colon cancer 1 (MACC1) expression and specifically inhibit MACCl-mediated
functions in vitro. This schematic presentation (A) illustrates the vector expressed in HCT116/ MACClp-Luc cells that were employed in our
high-throughput drug screen (HTS). The luciferase reporter gene is controlled by the MACC1 promoter (MACClp). A tiered process revealed
fluvastatin as a transcriptional inhibitor of MACC1, with a total of 4241 compounds tested. The initial two-dose screening was followed by
cytotoxicity and selectivity (with HCT116/CMVp-Luc cells) assessment as well as in vitro validation. Dose-dependent reduction of MACC1
messenger RNA (mRNA) and protein expression in HCT116 cells by different statins (fluvastatin, atorvastatin, lovastatin, simvastatin) is
shown in (B). MACC1 mRNA levels were normalized to G6PD mRNA expression and respective treatment controls (dimethyl sulfoxide
[DMSO], indicated with white bars). Results for mRNA represent the means + standard error of the mean (SEM) of three independent
experiments; for Western blot, one representative example of at least two independent experiments is shown. In the Western blot, 3-actin or
vinculin served as loading controls. Significant results were determined by one-way analysis of variance (ANOVA) and Dunnett’s multiple
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pravastatin .47 (95% CI, .42-.54), rosuvastatin .32 (95% CI,
.26-.38), and simvastatin .63 (95% CI, .61-.66).

To account for confounders, we examined drugs pre-
scribed alongside statins (Figure S5). Only aspirin and
furosemide exhibit ORs < 1; all other co-medications did
not show any cancer-preventive effect. After excluding
aspirin and furosemide in our 1:1 matched study design,
we still found a cancer-preventive effect for all statins (OR
of .756, 95% CI .72-.80) and atorvastatin alone (OR of .63;
95% CI, .57-.70) (Table S3). Statin-specific co-diagnoses
with cancer were sorted in descending order of appear-
ance/occurrence (Table S4). The overall outcome shows
a slight OR increase, but the cancer-preventive effect
of statins remains unaffected. We conclude a real (sig-
nificant) signal indicative of chemopreventive effect for
statins, despite any influence of confounders.

RWE revealed a statistically significant link between
statin usage and cancer development in patients. Statins
exert cancer-preventive effects (up to 50% risk reductions),
relating different cancer types and different statins. Supe-
rior chemoprevention via statins exists for liver cancer (OR
.35, 95% CI .29-.43; confirming the meta—analysiss) and
CRC (OR .44, 95% CI .39-.50°) or secondary neoplasms (OR
.42, 95% CI .30-.45).

Finally, we extended the RWE results by utilizing a clin-
ical research platform (TriNetX) to access a large, inter-
national cohort of anonymized electronic health record
(EHR) data (aggregate statistics only). Our initial RWE was
based on 53 000 cancer patients in our two independent
trans-Atlantic cohorts; the results from the TriNetX analy-
sis, reflecting another 132 072 patients, are consistent with
these single-site findings of the cancer-preventive effect of
statins.

This study extends our previous work? by corroborating,
broadening (via EHR data) and deepening (via MACCI1-

based experiments) prior knowledge about the cancer-
preventive effect of statins.”"' Many clinically employed
statins diminish MACC1 expression in CRC, pancreatic
and gastric cancer cells, confirming the cross-entity-wide
effects detected by our RWE study. The chemopreventive
influence of simvastatin (OR .63, 95% CI .61-.66) and ator-
vastatin (OR .3, 95% CI .28-.32) correlates with their capac-
ity to reduce MACCI1 expression, with ICs, values of 3.1 and
1.6 uM, respectively (Figure 1H).

In conclusion, our study revealed strong evidence for
cancer-preventive effects of statins in a large trans-Atlantic
cohort, comprised of long-term statin users. We link
this beneficial effect to MACC1 transcriptional inhibition,
yielding inhibited tumour growth and metastasis forma-
tion. These two lines of evidence suggest statin use in
treating cancers, for which MACC1 serves as a predictive
biomarker and interventional target necessitating prospec-
tive, randomized clinical trials.
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comparison test with a 95% CI (* = p < .05, ** = p < .01, *** = p < .001, **** = p < .0001). Relative proliferation (C) was determined with the
IncuCyte live imaging system for 72 h and calculated by the area under the curve (AUC), normalized to untreated controls (white bars).
HCT116 cells with doxycycline-induced MACCI1 expression (+Dox) demonstrated a 30% increase in proliferation. MACCl-induced
proliferation in +Dox compared to -Dox cells was still observed under statin treatment, indicating a MACC1-specific rescue of proliferative

function (C); our previous findings were confirmed using HCT116/MACCI -/-. MACC1 knock-out resulted in a >50% reduction in

proliferation versus control cells (HCT116/Cas9). Control cell proliferation was decreased by fluvastatin treatment (1 and 2.5 uM), whereas
HCT116/MACC1 -/- cells remained unaffected (D). Stable overexpression of MACCI-GFP in HCT116 led to strongly augmented colony
formation compared to HCT116/GFP cells. The same effect was seen under statin treatment, indicating a MACCl-specific rescue of clonogenic
function (E). Clonogenicity was quantified by the number of colonies (F) and colony covered area (G). Results represent means + SEM of at

least three independent experiments, presented as total counts (F) or normalized to solvent treated controls (white bars, G). For the

clonogenic assay, one representative of nine technical replicates of three independent experiments is shown. Significant results were

determined by one-way or two-way ANOVA and Sidak’s multiple comparison test with a confidence interval of 95% (* = p < .05, ** = p < .01,
¥ = p <.001, ¥*** = p <.0001). Panel (H) shows the relative MACC1 mRNA expression presented as drug-response curves for IC50
determination. Fluvastatin (IC50: 0.8457 uM) is able to reduce MACC1 mRNA expression at lower doses as atorvastatin (IC50: 1.647 uM) and

simvastatin (IC50: 3.098 uM)
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FIGURE 2 Statin treatment decreases tumour burden and metastasis formation in vivo. Intra-splenically xenografted
(HCT116/CMVp-Luc cells) SCID-beige mice were treated either with solvent or daily doses of 13 mg/kg body weight fluvastatin or
atorvastatin. Bioluminescent imaging of animals from a ventral view (A), at day 24 of statin treatment, showed significantly weaker signals,
indicating restricted metastasis formation in the liver. Bioluminescent signals from all ten animals over the time course of the experiment
were quantified (B). Metastasis-associated in colon cancer 1 (MACCI) transcripts in the liver were also found to be reduced in the fluvastatin
and atorvastatin treated groups (C). The constant body weight of animals in each group indicates ethical conditions throughout the
experiment (D). Results represent means + SEM and significant results were determined by two-way analysis of variance (ANOVA) and
Dunnet’s multiple comparison test with a 95% CI (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). One outlier, marked by an *a
in the plot, was identified by the ROUT method (Q = 1%) and Grubbs test (o = 0.01); that date was not included in calculating the mean
MACC1 mRNA expression levels in livers. Data were analyzed by ANOVA and Dunnett’s multiple comparison post-tests or two-way ANOVA
including Tukey’s additivity test
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Transatlantic cohort comprises of
308.990 patients extracted from the
local electronic health records
N e e e e e e e == 31,010 patients were excluded:
- 19,158 Patients with multiple visits, contradictory diagnoses,
no diagnosis at all or no medication at discharge
-11,165 Newborns
- 125 Patients older than 100
- 562 No gender i 1 icting il
v
277,980 patients
with at least one diagnosis
53,113 patients with cancer Transatlantic cohort
Co-medications to statins: "
Co-diagnoses to cancer and
Aspitin (26:800) Check Confounder statins indication:
Metoprolol ~ (16,740) .
. (13,652) So-medication | = Cotagnose « Diabetes (o358
:;r\'x:x’:me '(‘7‘6137591) Chronic Kidney Disease (5,813)
Torasemide (6513 > emerian T (ases
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1 1:1 Matched Study Design I
! 1
Check 3 Cancer y . Check
Co-medication Patlents Co-diagnoses
1 Statins 1
Age Range
1 Atorvastatin 1
- - Fluvastatin -
Lovastatin
Pravastatin
Rosuvastatin
Simvastatin
FIGURE 3 Data pre-processing and cohort design. Patient records from databases at the Charité and UVA Health System were merged

into a trans-Atlantic cohort. From the resulting 432 333 records, 31 010 were excluded (upper-right panel) due to incompleteness or
contradictory information; this pre-processing yielded a final trans-Atlantic cohort of 277 980 patients. Of these, 53 113 were diagnosed with

cancer, where ‘cancer’ is defined based on ICDI10 codes in the range of ‘C00’ to ‘D48’ (excluding codes ‘D10’ to ‘D37, which describe benign

neoplasms). Co-medications prescribed along with statins (lower-left), as well as co-diagnoses with cancer and statin indications
(lower-right), were included in the confounder analysis and calculated for both the full trans-Atlantic and 1:1 matched cohorts

1:1 Matched Transatlantic Cohort

Number Cancer cases with  Cancer cases with

Cancer Entities Cancer cases atorvastatin
Bladder 2480 570 88
Brain 1823 154 31
Breast 2067 158 2
Colorectal 3803 25 7
Esophagus 886 140 20
Gastric 176 136 13
Kidney 1688 325 50
liver 1814 169 2
Lung 3449 59 110
Ovaries 1225 82 1
Pancreas 1774 213 0
Prostate 3151 573 %
Sec. Cancers 16799 1705 285
Other Cancers 27067 2132 605
Cancer Patients 53113 6425

Aonvastatin 1235

Fluvastatin 119

Lovastatin 61

Pravastatin 331

Rosuvastatin 147

Simvastatin 4609

OR (95% CI)

R Al Statins Atorvastatin P-Value
0.84 (0.74-0.96) 04 (0.31-051) 0.009 [<0.001)
g 7 053 (0.43-0.65) 033 (0.22-05) <0.001
0.43(0.35-0.53) 0.26 (0.17-0.39) <0.001
044(039.05) 023(018031) <0001
hEl 063(0508) 0.28(017:047) <0001
s o 05(0.4-063) 0.15(0.09-0.28) <0.001
= 081(069.095) 038(027:053) 0012(<0.001)
& 035 (0.290.43) 015 (0.1-0.24) <0001
i 069 (061-0.77) 041032051 <0001
- 036(0.28-0.48) 0.7(0.09033) <0001
- 0.49 (0.41-0.59) 0.31(0.22-0.45) <0.001
- 056 (0.50.64) 0.31(0.24-0.39) <0.001
0.42(0:340.45) 023(02:026) <0001
0.48 (0.46-0.51) 0.34(0.31-037) <0.001
0.5 (0.48-0.51) <0.001
0.3 (0.28-0.32) <0.001
-t i 065 (047-0.88) <0.001
051(0380.7) <0001
. i 047 (0.42-054) <0.001
; 032(0.26:0.38) <0001
Poded i : 063 (0.61-0.66) <0001
—t t t t—
0 02505075 1 12515175 2
Odds-Ratio B Simvastatn B Pravastain B Finastain 8 Lovasiain B Roswastatin

FIGURE 4 Cancer preventive effect of statins in the 1:1 matched trans-Atlantic cohort for different cancer entities, and comparison with
different statins separately. The cancer-preventive effects of statins as a group, and for atorvastatin separately, were calculated for a number of
different cancer types, as indicated in this summary overview of (i) cancer incidences, (ii) cancer diagnoses and (iii) prescribed statins. Cancer
preventive effects are calculated as odds ratio (OR) for both statins and atorvastatin. The 95% CIs are supplied in addition to p-values; p-values

are provided in square brackets for atorvastatin, for any values that differ from the full statin set. An overview of the different statins
prescribed in the study population is provided at the bottom of the figure. Note the significant and systematic deviation—considered across

different cancers—for atorvastatin in comparison to other statins
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