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Abstract

Purpose Treatment of advanced colorectal cancer (CRC) depends on the correct selection of personalized strategies. HAM-
LET (Human Alpha-lactalbumin Made LEthal to Tumor cells) is a natural proteolipid milk compound that might serve as a
novel cancer prevention and therapy candidate. Our purpose was to investigate HAMLET effect on viability, death pathway
and mitochondrial bioenergetics of CRC cells with different KRAS/BRAF mutational status in vitro.

Methods We treated three cell lines (Caco-2, LoVo, WiDr) with HAMLET to evaluate cell metabolic activity and viability,
flow cytometry of apoptotic and necrotic cells, pro- and anti-apoptotic genes, and protein expressions. Mitochondrial respira-
tion (oxygen consumption) rate was recorded by high-resolution respirometry system Oxygraph-2 k.

Results The HAMLET complex was cytotoxic to all investigated CRC cell lines and this effect is irreversible. Flow cytometry
revealed that HAMLET induces necrotic cell death with a slight increase in an apoptotic cell population. WiDr cell metabo-
lism, clonogenicity, necrosis/apoptosis level, and mitochondrial respiration were affected significantly less than other cells.
Conclusion HAMLET exhibits irreversible cytotoxicity on human CRC cells in a dose-dependent manner, leading to necrotic
cell death and inhibiting the extrinsic apoptosis pathway. BRAF-mutant cell line is more resistant than other type lines.
HAMLET decreased mitochondrial respiration and ATP synthesis in CaCo-2 and LoVo cell lines but did not affect WiDr
cells’ respiration. Pretreatment of cancer cells with HAMLET has no impact on mitochondrial outer and inner membrane
permeability.
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Approximately, 2 million new colorectal cancer (CRC)
cases and 935,000 deaths were estimated to occur in 2020,
accounting for about 10% of all diagnosed malignancies
and cancer-related deaths worldwide. Therefore, significant
bowel cancer rates are third in incidence and second in mor-
tality (Sung et al. 2021). However, a quarter of these patients
have advanced disease at the time of diagnosis, while 20%
of patients will be diagnosed with metastatic at a later time
(Aasebg et al. 2020).

Personalized medicine development of new active agents
as an adjunct to chemotherapy has enhanced metastatic CRC
(mCRC) outcomes in the 21st century. For instance, monoclo-
nal antibodies such as bevacizumab target vascular endothelial
growth factor, while cetuximab acts directly against epidermal
growth factor receptor (EGFR) (Douillard et al. 2013; Cohen
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et al. 2021; Tougeron et al. 2013). Second, the scientific pro-
gress of patient molecular profile and heterogeneous tumor
microenvironment demands complex oncological treatment
decisions. For example, activating mutations in RAS, BRAF
V600E induce resistance to EGFR inhibitors (Molinari et al.
2018; Oikonomou et al. 2014). Other essential agents include
human EGFR 2, programmed death receptor 1 and tropomyo-
sin receptor kinase inhibitors (Fujii et al. 2020; André et al.
2020; Cooper et al. 2020).

Regardless of therapeutic advancement, the median overall
survival of selected mCRC patients improved to the extent of
20-30 months in clinical trials. In comparison, the prognosis
for an unselected population from the Scandinavian cancer
registry remains significantly shorter, with a median overall
survival of 10-15 months. In addition, subjects from clinical
trials usually have better performance status, younger age, and
less comorbidity, making them incomparable to the general
mCRC population (Aasebg et al. 2020; Hamers et al. 2019).
Opposite survival findings from trials and registries challenge
the need to develop novel therapeutic agents.

Traditionally, natural products have been the prim3

02}>M-ry origin of bioactive syntheses used in the phar-
maceutical industry and traditional healthcare systems (Geno-
vese et al. 2020). A novel promising candidate is human alpha-
lactalbumin made lethal to tumor cells (HAMLET), a new type
of cancer-killing molecule developed by the Lund University
research group. It is a complex of two of the most abundant
units in human milk: Protein alpha-lactalbumin and lipid oleic
acid. Together they form a compound with a broad tumoricidal
effect against cancer cells without harming mature, healthy
cells (Ho et al. 2017, 2016; Arcila et al. 2011).

HAMLET independently hits multiple cell targets, includ-
ing the EGFR signaling pathway. Two of the key signaling
molecules of the pathway are RAS and RAF, encoded by
the KRAS and BRAF genes, respectively (Kim and Bodmer
2022). Typically, these mutations occur in CRC, and their
presence links to EGFR inhibitor resistance (Ho et al. 2017)
revealing that HAMLET inhibits oncogenic Ras and Braf
activity (Ho et al. 2016). In addition, HAMLET is known
to activate mitochondria-dependent apoptosis and might
interfere with mitochondrial function (Boekema et al. 2015).
However, the cell death mechanism is undefined. Thus, we
hypothesized that HAMLET anticancer effectiveness might
be affected by different KRAS/BRAF mutational status and
mitochondrial activity of CRC cell lines.

Materials and methods
Cell cultures and reagents

Human CRC cell lines WiDr (colorectal adenocarcinoma)
and LoVo (colorectal adenocarcinoma from metastatic site)
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were obtained from CLS cell lines service, Germany. Caco-2
(colorectal adenocarcinoma) cell line was obtained from
American Type Culture Collection (ATCC, United States).
The mutation status of CRC cell lines is summarized in
Table 1 (Ahmed et al. 2013). Caco-2 and LoVo cell lines
were cultured in Ham’s F-12K (Kaighn’s) medium (GIBCO)
supplemented with 10% fetal bovine serum (GIBCO) and 1%
penicillin-streptomycin (GIBCO). WiDr cell line was cul-
tured in 1:1 Ham’s F-12K (Kaighn’s) medium (GIBCO) and
Dulbecco’s modified eagle medium (GIBCO) supplemented
with 5% fetal bovine serum (GIBCO) and 1% penicillin-
streptomycin (GIBCO). The cell lines were incubated at 37
°Cin a 5% CO, atmosphere.

Human alpha-lactalbumin (Cat. No. L7269) and oleic
acid (Cat. No. O1383) were purchased from Sigma-Aldrich,
Germany. 3-(4,5-Dimethylthiazol-2yl)-2,5-diphenyltetra-
zolium bromide (MTT) (Cat. No. M6494) was purchased
from Thermo Fisher Scientific. Dimethyl sulfoxide (Cat.
No. A944.2) was purchased from Carl Roth, Germany. The
staining dyes, Flow Cellect Mito Damage Kit (Cat. No.
FCCH100106) and Annexin V-PE Apoptosis detection kit
(Cat. No. CBA606), were purchased from EMD Millipore,
United States.

Formation of the HAMLET complex

The HAMLET complex was formed from human alpha-lac-
talbumin and oleic acid using the heat-treatment method as
described (Kamijima et al. 2008). Human alpha-lactalbumin
was dissolved in phosphate-buffered saline and incubated at
50 °C for 15 min, shaking. After 15 min of incubation and
shaking, oleic acid was added. The solution was repeatedly
incubated at 50 °C for 10 min, shaking. The solution was
then cooled to room temperature, and excess oleic acid was
removed via centrifugation. After production, the HAMLET
complex was stored at— 80 °C.

Cell viability assay

Inhibition of cell growth in response to HAMLET was meas-
ured by MTT colorimetric assay. During the assay, HAM-
LET cytotoxicity was measured for 48 h by seeding cells into
a 96 well plate at a density of 8 X 103 to 2 x 104 cells/well

Table 1 Colon cancer cell lines are classified by the mutation status
of cancer genes

Colorectal Cell line  KRAS mutation BRAF mutation
Caco-2 Wild type Wild type
LoVo G13D; A14V Wild type
WiDr wild type V600E

Adapted from Ahmed et al. (2013)
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(exact concentration was cell line-dependent). The HAM-
LET complex was added to the cell culture 24 h after plat-
ing, and cells were further incubated for 6 h. Subsequently,
the growth medium was changed, and cells were incubated
further for 18 h, followed by the addition of MTT reagent.
The chemical reaction with MTT took place for 3—4 h at 37
°C, and the growth medium was then removed by aspiration.
Formed formazan crystals were dissolved in 100 pL dime-
thyl sulfoxide, and the absorption was measured at 570/620
nm. Colorimetric absorption values were compared to the
control group.

Clonogenic assay

Clonogenic assays were performed by seeding 1 X 102 to
2 x 102 cells/well in 24-well plates. After 24 h of plating,
the HAMLET complex was added, and cells were incubated
for 6 h in the presence or absence of different HAMLET
complex concentrations. After 6 h, the culture medium was
changed into a fresh culture medium without HAMLET, and
the cells were incubated for 8 days. Cells were then fixed
with ethanol and stained with crystal violet. The number of
colonies (> 50 cells) was counted using an inverted micro-
scope. All values were compared to the control group.

Flow cytometric analysis

Flow cytometric analysis was performed using Guava Per-
sonal Cell Analysis Flow Cytometer (Merck, Millipore,
Burlington, MA, United States) and CytoSoft 2.1.4 soft-
ware. The assay was performed by seeding 1 X 105 to 1.3 X
105 cells/well. After 24 h of plating, the HAMLET complex
was added, and cells were incubated for 6 h in the absence
of different HAMLET complex concentrations. After 6 h,
cells were detached using trypsin-EDTA without discard-
ing the floating cells. The culture medium was removed by
centrifugation, and cells were suspended in a binding buffer.
The cells were stained with annexin V-PE and 7-AAD dyes
and measured by flow cytometry.

RNA extraction and real-time polymerase chain
reaction (RT-PCR)

Total RNA extraction was performed from cultured cells
using the RNA extraction kit (Abbexa) according to the
manufacturer’s protocol. Purified RNA was quantified and
assessed for purity by UV spectrophotometry (NanoDrop).
cDNA was generated from 2 pg of RNA with High-Capacity
cDNA Reverse Transcription Kit, (Applied Biosystems).
The amplification of specific RNA was performed in a 20
pl reaction mixture containing 2 pl of cDNA template, 1X
PCR master mix, and the primers. The PCR primers used
for the detection of BIRC2 (Hs01112284_m1), BIRC3

(Hs00985031_g1), BIRC5 (Hs00153353_m1), XIAP
(Hs00745222_s1), APAF-1 (Hs00559441_m1) and house-
keeping gene GAPDH (Hs02758991_g1) were from Applied
Biosystems.

Western blot analysis

Lysates from cells were prepared using radioimmunopre-
cipitation lysis buffer (Abcam, Cambridge, UK) containing
protease inhibitors (Roche Diagnostics, Basel, Switzerland).
A bicinchoninic acid protein assay kit (Thermo Fisher Sci-
entific, Inc.) was used to determine the protein concentration
according to the manufacturer’s protocols. Following heating
at 97 °C for 5 min, protein samples (50 pg) were subjected
to 4-12% SDS-PAGE and transferred to polyvinylidene
fluoride membranes at 30 V for 50 min. Membranes were
blocked with a blocking buffer (20% diluent A, 30% dilu-
ent B; Western Breeze Blocker/Diluent; Invitrogen; Thermo
Fisher Scientific, Inc.) at room temperature for 30 min and
incubated with the primary antibodies rabbit anti-cas9 (dilu-
tion 1:1000; cat. no., PA5-19904; Invitrogen; Thermo Fisher
Scientific, Inc) and mouse anti-GAPDH (dilution, 1:3000;
cat. no., AM4300; Ambion; Thermo Fisher Scientific, Inc.)
at 4 °C overnight. The following day, the blots were incu-
bated with ready-to-use secondary antibodies against rabbit
(cat. no. WP20007; Invitrogen, Thermo Fisher Scientific,
Inc.) or mouse immunoglobulin G (cat. no. WP20006; Inv-
itrogen; Thermo Fisher Scientific, Inc.) for 30 min at room
temperature. Chemiluminescence substrate (CDP-Star; Inv-
itrogen; Thermo Fisher Scientific, Inc.) was added, and the
ChemiDoc imaging system (Bio-Rad Laboratories, Inc.)
was used for visualization. ImageJ software (version 1.48;
National Institutes of Health, Bethesda, MD, USA) was used
for quantification of western blots.

Measurement of mitochondrial function in cancer
cells

Mitochondrial respiration (oxygen consumption) rate was
recorded by high-resolution respirometry system Oxygraph-
2k (OROBOROS Instruments, Innsbruck, Austria) at 37 °C
in the medium containing 0.5 mM EGTA, 3 mM MgCl2,
60 mM K-lactobionate, 20 mM Taurine, 10 mM KH2PO4,
20 mM HEPES, 110 mM sucrose (pH 7.1 at 37 °C). WE
investigated mitochondrial functions according to a multiple
substrate—inhibitor titration (Fig. 1). Digitonin (16 ug/ml)
was added in order to permeabilize the cell membrane. Mito-
chondrial non-phosphorylating state State 2 (V) respiration
rate was recorded in the medium supplemented with cells
and mitochondrial Complex I substrate (5 mM glutamate +2
mM malate). The state 3 respiration rate (V,pp) was deter-
mined after adding 1 mM ADP. Complex II substrate suc-
cinate (12 mM) was used to achieve maximal mitochondrial
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Fig.1 Typical trace of colon cancer cells mitochondrial respiration.
Mitochondrial non-phosphorylating state 2 (V) respiration rate was
recorded in the medium supplemented with colorectal cancer cells (1
mln cells/2 ml) and mitochondrial Complex I substrate (5 mM glu-
tamate +2 mM malate). Digitonin (16 pg/ml) was added in order to
permeabilize cell membrane. The state 3 respiration rate (V,pp) was
determined following the addition of 1 mM ADP. Complex II sub-

respiration (V,..). The effect of cytochrome c on respiration
rate (indicating mitochondrial outer membrane permeabil-
ity) was determined by adding 32 pM cytochrome c. The
respiratory control index (RCI) for glutamate/malate was
calculated as the ratio between V ,pp/V, respiration rate. Dat-
lab 5 software (Oroboros Instruments) was used for real-time
data acquisition and data analysis. Oxygen consumption was
related to cell number (pmol/s/1 min cells).

Statistical analysis

GraphPad Prism 6 and SigmaPlot software were used for
statistical analysis. The Mann—Whitney test was used for
non-parametric data. Association between qualitative val-
ues in comparative groups was assessed by the y2 test and
interval and categorical by the Student’s ¢ test. The level of
significance was set at 0.05.

Results

Cell viability suppression caused by the HAMLET
complex

Initially, we evaluated the effect of the HAMLET complex
on the viability of CRC cell lines with different mutational
statuses. We examined cell metabolism response to 2 pM,
5 pM, 10 pM and 20 pM concentrations of the HAM-
LET complex. All concentrations of the HAMLET com-
plex affected all cell lines in a dose-response relationship
(Fig. 2). The lowest tested concentration of HAMLET (2
pM) had a minimal effect on cell viability. Caco-2 [KRAS/
BRAF wild-type (wt)] and LoVo [KRAS mutant (mt),
BRAF wt] viability increased significantly to 109% and
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strate succinate (12 mM) was used to achieve maximal mitochondrial
respiration (Vsucc). The effect of cytochrome c on respiration rate
(indicating mitochondrial outer membrane permeability) was deter-
mined by adding 32 pM cytochrome c. Carboxyatractyloside (1 pM),
an inhibitor of ADP/ATP translocator (Vc,r), was added to evaluate
the permeability of mitochondrial inner membrane

WiDr (KRAS wt, BRAF mt) had no significant change in
viability. When the HAMLET complex concentration was
increased to 5 pM, the viability of all cell lines decreased.
However, the suppression of viability was significant
only in WiDr (85%) cell line. Cells treated with 10 pM of
HAMLET complex significantly decreased cell viability.
When comparing the effect of 10 uM HAMLET to con-
trol (100%), Caco-2 viability was reduced to 64%, LoVo
to 60%, WiDr to 61%. At the highest concentration (20
pM) of the HAMLET complex a difference between BRAF
mutant and KRAS mt or WT cells was observed—WiDr
cell line was more resistant to the effects of 20 pM HAM-
LET complex (12-12 % viability for Caco-2 and LoVo
compared to 22 % viability for WiDr cell line).
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Fig.2 The MTT assay performed 24 h after a 6 h incubation revealed
a dose-dependent response and higher WiDr cell line resistance to
the 20 pM human alpha-lactalbumin made lethal to tumor cells com-
plex. *p<0.05: Compared to control group data (100%, dotted line).
HAMLET: Human alpha-lactalbumin made lethal to tumor cells
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HAMLET complex effect on prolonged cell survival
by clonogenic assay

In addition to suppressing cell viability, the HAMLET com-
plex also significantly affected colony formation (Fig. 3).
The pattern of results obtained by the clonogenic assay was
comparable to those obtained by MTT (Fig. 2). Similarly,
BRAF mutation seemed to impact the HAMLET complex
response since the WiDr cell line was the most resistant to
the 20 pM HAMLET complex.

HAMLET-induced apoptosis/necrosis signal analysis
by flow cytometry

The results of the MTT assay and colony formation test were
confirmed by flow cytometry (Fig. 4), which showed similar
tendencies of rejecting our hypothesis with HAMLET and
mutational status relationship. For clarity, we present the

flow cytometry outcomes of only three cell lines correspond-
ing to a different type of mutation: Caco-2 [KRAS/BRAF
wild-type (wt)], LoVo [KRAS mutant (mt), BRAF wt] and
WiDr [KRAS wt, BRAF mt].

The numbers of cells undergoing necrosis or apoptosis
after treatment with the 10 and 20 pM HAMLET complex
were evaluated by flow cytometry. The assay showed a mea-
ger increase or even a decrease in apoptotic cell population
when comparing untreated samples with samples treated
with 10 or 20 pM HAMLET complex (Fig. 3A). After treat-
ment with 10 pM HAMLET complex Caco-2 cell popula-
tion increased 1.15 times, LoVo decreased 0.84 times and
WiDr—0.91 when compared to control samples. Treating
with 20 uM, Caco-2 apoptotic cell population increased
1.9 times, LoVo decreased 0.66 times and WiDr increased
1.25 times when compared to control. However, after the
exposure of 20 pM, the increase in the necrotic cell popula-
tion (Fig. 3B) was much more prominent than the apoptotic

b. 2 uM 20 uM
a Control HAMLET HAMLET
150 ***Control =
@8 Caco-2 Vs o,
,\t B LoVo Caco-2 h R :
S 0 wibr o
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Fig.3 The effect of HAMLET on colony formation in different colo-
rectal cancer cell lines. A Clonogenic assay performed 8 days after
incubation with the HAMLET complex revealed that WiDr cell line

Relative apoptotic population change
>
Relative necrotic population change

. ®

HAMLET concentration, pM

Fig.4 Flow cytometric analysis of HAMLET effect to different cell
lines. A A low increase in apoptotic cell population and slight differ-
ences between cell lines; B a high increase in necrotic cell population

~

o

o

IS

©

was the most resistant to 20 pM HAMLET; B Representative pictures
of the colony formation assay. * <0.05: compared to control group
data (100%, dotted line)

1

B8 Caco-2

LoVo

B WiDr

-[ ~~~~~ Control

N ®
HAMLET concentration, pM

in all cell lines. *p <0.05 when comparing apoptosis and necrosis of
the same sample. **p <0.05 when comparing between 10 pM and
20 pM. Control group data= 1—dotted line
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population. After treatment with 10 pM HAMLET complex
Caco-2 necrotic cell population decreased 0.8 times, LoVo
increased 1.55 times and WiDr—1.13 times when compared
to control samples. Treating with 20 pM, Caco-2 apoptotic
cell population increased 5 times, LoVo—3.59 times and
WiDr—2.69 times when compared to control. Yet again,
WiDr cell line was the most resistant and had the lowest
increase in a necrotic cell population. The results indicate
that the HAMLET complex mainly causes necrotic death in
colorectal cancer cell lines.

To summarize the results in the figures (Figs. 2, 3, 4),
there was no correlation between the HAMLET-induced cell
death level and KRAS/BRAF mutations. However, the WiDr
cell line differs from the other lines as being more resistant
in terms of cell metabolism, increased necrotic cell popula-
tion and colony formation.

RT-PCR and WB analysis

To clarify the flow cytometry results, RT-PCR and WB
analysis of apoptosis-related markers were performed.
HAMLET complex did not affect BIRC2 or BIRCS expres-
sion levels (data not demonstrated). There was also no

a. Caco-2

Relative mRNA level
Relative mRNA level
s

Caspase 9 protein c

1.5+
-=-- Control

GAPDH

Relative protein level

Fig.5 RT-PCR analysis of APAF-1, BIRC3, XIAP gene and Caspase
9 protein expression after HAMLET treatment of different cell lines.
A RT-PCR analysis. B Western blot analysis of caspase 9 protein
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noticeable increase in investigated gene expressions after
treating cells with 2 pM HAMLET complex. When treat-
ing cells with 10 pM HAMLET complex Caco-2 cell line
and LoVo cell line had a slight, although statistically insig-
nificant, increase of pro-apoptotic APAF-1 gene expres-
sion (Caco-2—1,37 times; LoVo—1,16 times) and a high,
statistically significant increase in anti-apoptotic BIRC3
(Caco-2—2,71 times; LoVo 4,86 times) and XIAP (Caco-
2—2,43 times (statistically insignificant); LoVo—1,11
times (Statistically significant)) genes suggesting that
apoptosis was being suppressed after HAMLET treatment
(Fig. 5A). None of the apoptosis-related genes had any
expression change in the WiDr cell line after treatment
with HAMLET. To elucidate the functional response of
cells to 10 pM HAMLET treatment, WB analysis of cas-
pase 9 (cas9) protein was performed (Fig. 5B, C). Both
Caco-2 and LoVo cell lines had decreased cas9 levels
(Caco-2 0.8 times, LoVo—0.65 times). However, there
was no change of cas9 in WiDr cell line. The results of WB
conform with RT-PCR data demonstrating that increased
levels of XIAP inhibited cas9 protein synthesis and in turn
inhibited apoptosis of Caco-2 and LoVo cells.
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expression. C Western blot membrane band photo. *p <0.05 when
comparing between 2 pM and 10 pM. Control group data= l—dot-
ted line
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The effect of HAMLET on mitochondrial functions
in colon cancer cells

We assessed the effect of HAMLET (5 pM) on mitochon-
drial functions in cancer cells (37 °C) by measuring mito-
chondrial respiration rate with glutamate/malate and suc-
cinate as substrates in three different cell lines (CaCo-2,
LoVo and WiDr). HAMLET caused a statistically signifi-
cant decrease in non-phosphorylating (V) respiration rate
(substrate glutamate/malate) by 38% in CaCo-2 cell lines
but had no effect on non-phosphorylating (V) respiration
rate in LoVo and WiDr cell lines (Fig. 6A). Furthermore,
mitochondrial State 3 (V,pp) respiration rate was reduced
by 62%, 46% in CaCo and LoVo cell lines, respectively
(p<0.05). HAMLET tended to decrease State 3 (V,pp)

Fig.6 Effect of HAMLET on
mitochondrial respiration and
respiratory control index (RCI).
Mitochondrial respiration rate
was measured as described in
“Methods”. a Mitochondrial
non-phosphorylating (V) respi-
ration rate in the presence of 1
mln/mL of cells and glutamate
(5 mM) plus malate (2 mM);

b state 3 respiration rate in

g o

-
o
1

3]
1

mitochondrial respiration rate in WiDr cell lines by 47%
(p=0.057) (Fig. 6B). Moreover, pretreatment with HAMLET
caused the decrease in maximal mitochondrial respiration
(Vo) With complex II dependent substrate succinate by 62
% and 36 %, respectively, p<0.05, in CaCo-2 and LoVo cell
lines, (Fig. 6C), and by 47% (p=0.054) in WiDr cell lines
as compared to untreated cells (p<0.05). The addition of
cytochrome c to mitochondria (Fig. 6D) showed that pre-
treatment of cancer cells with HAMLET has no effect on
mitochondrial respiration rate V. Therefore, these results
suggest that HAMLET did not affect the mitochondrial outer
membrane permeability. The respiratory control index (RCI,
Fig. 6E) after pretreatment cells with HAMLET decreased
by 33 and 19%, respectively, in Caco-2 and LoVo cell lines,
as compared with untreated cells (p<0.05). However, there
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was no effect on RCI in WiDr cells. Pretreatment of cancer
cells with HAMLET did not induce changes in carboxyatrac-
tyloside-dependent (V1) respiration rate (data not shown).
Thus, HAMLET does not affect mitochondrial inner mem-
brane permeability.

Discussion

Treatment of advanced colorectal carcinoma is a clinical
challenge for precision oncology due to the variation of
molecular profiles, tumor microenvironment, and response
to cytotoxic drugs and targeted agents.® Despite positive
outcomes published from selected trial patients, the effect
on survival exceeding the specified study treatment remains
uncertain (Modest et al. 2019). The concern is that the pre-
sent first-line combination of chemotherapy and targeted
treatment has little benefit and poor prognosis when applied
to BRAF- and KRAS-mutation-bearing patients with mCRC
(Li et al. 2020).

The relationship between mutations and susceptibility to
treatment helps elucidate personalization trends. Before the
study, we reviewed advanced CRC systemic treatment sur-
vival compared to the chemotherapy and biological therapy
group. First, our hospital results revealed that the median
survival of KRAS wild-type patients was statistically signifi-
cantly longer by 2.5 months than KRAS mutation patients
(33.0 months vs. 30.5 months) (Ilekis et al. 2017). These
findings coincide with other published studies where median
survival varies from 21 to 33 months (Stintzing et al. 2017,
Modest et al. 2016). Second, compared to cohort groups,
survival was not significantly different between the patients
receiving and not receiving monoclonal antibodies. Accord-
ing to the trials, cetuximab significantly improves median
overall survival by 3.5 months (Cutsem et al. 2011) and bev-
acizumab by 2 months (Hurwitz et al. 2013). Regrettably, we
did not find any randomized trials with panitumumab. None-
theless, this compound has a better effect than bevacizumab
and is similar to cetuximab (McGregor et al. 2018). Fur-
thermore, researchers from the University of Texas (Loree
et al. 2018) suggested monoclonal antibodies as an adjunct
to chemotherapy only for mCRC KRAS/BRAF double wild-
type left-sided primary malignancies.

The advantage of biologic agents is relatively less profit-
able than expected, particularly when we consider possible
side effects and select a suitable patient for therapy (Marmol
et al. 2017). Currently, scientists concentrate on developing
new personalized treatment options that are less aggressive
and more effective than conventional ones. A novel anti-
cancer drug, HAMLET, offers significant therapeutic poten-
tial with low toxicity (Ho et al. 2021). As demonstrated in
this study, this complex efficiently suppressed three human
colon cancer cells: double wild type; BRAF mutant; and
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KRAS mutant. Although this study did not confirm the ini-
tial hypothesis that KRAS and BRAF genes were associated
with HAMLET, we found BRAF-mutant cell line resistance.

Compared to other all-natural mixtures found in food
that can act as antitumor drugs, Genovese et al. (2020)
reported gercumin. An active blend of curcumins inhibited
two human colon cancer cells. At the same time, Fernandez
et al. (2021) tested five plant flavonoids for their potential
as antitumor drugs against the same human CRC cell lines
plus T84 (epithelial morphology, adenocarcinoma, metasta-
sis in lung, KRAS mutant, BRAF wild type). Xanthohumol
displayed the most significant antiproliferative activity of
all flavonoids, even higher than the clinically used chemo-
therapy drug 5-fluorouracil.

Our flow cytometric analysis reported that HAMLET
induced predominantly necrotic cell death. However, this
disagrees with the literature data. A group of scientists from
Lund University published that HAMLET causes mostly
apoptosis-like death in tumor cells (Svanborg C et al. 2003).
Presently, the suggested promising strategies for targeting
CRC apoptotic pathways are direct activation of the extrinsic
pathway by pro-apoptotic receptors, inactivation of BCL-2
proteins, caspase modification, and apoptosis protein inhibi-
tion (Abraha et al. 2016). HAMLET was shown to induce
apoptosis via the mitochondrial pathway; according to the
authors, apoptosis was initiated by releasing cytochrome C,
activating caspase-2, -3, -9 and phosphatidylserine expo-
sure (Ho et al. 2017). However, other studies indicated that
caspase inhibitors, BCL-2 protein or p53 mutation did not
prevent apoptosis, and apoptotic caspase cascade was not the
leading cause of cell death (Hallgren et al. 2006; Mossberg
et al. 2010; Gustafsson et al. 2009). The research question
remains of cell death mechanism.

We investigated some apoptosis-related markers, such
as the apoptosis-initiating gene APAF-1 and the apoptosis-
inhibiting genes BIRC3 (IAP2), and XIAP, presented in
the mechanistic scheme (Fig. 7). Our reverse transcription
polymerase chain reaction gene expression analysis data
revealed that HAMLET was not associated with the BIRC2
and BIRCS. The presence of non-mutant BRAF cells after
HAMLET treatment allows the activation of more anti-
apoptotic mechanisms through pathways such as increased
BIRC3 and XIAP gene expression, which inhibits apoptosis
through extrinsic or intrinsic activation. While pro-apoptotic
gene APAF-1 expression has been slightly activated only
in wild-type cells. BRAF-mutant WiDr cells do not have
overexpression of any of these genes. In addition, we noticed
that after HAMLET treatment, the BRAF-mutant WiDr cell
line had a smaller number of necrotic cells than other inves-
tigated cells.

RT-PCR and flow cytometry findings indicate that there is
no apoptotic death pathway, especially regarding WiDr cells.
It is possible that the BRAF mutant could have necrotic or
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Fig.7 Mechanism of this study illustrating suppression of apoptosis
and HAMLET targets. EGFR and its related proteins are involved
in cell signaling pathways that control cell division and survival.
EGFR-related RAF and RAS gene mutations cause proteins to pro-
duce higher than normal amounts in CRC. HAMLET inhibits onco-
genic Ras and Braf activity which causes tumor death (Ho et al. 2017,
2016). KRAS/BRAF mutational status is also implicated in mito-
chondrial activity of CRC cancer (Rebane-Klemm et al. 2020). The
relationship between HAMLET, RAS/RAF gene mutations and mito-
chondrial phenotype suggests that HAMLET affects cells through
mitochondria depending on their activity. HAMLET is also known

another death mechanism after HAMLET exposure. We
hypothesized that different KRAS/BRAF mutational sta-
tuses of colorectal cancer cell lines affect the effectiveness
of HAMLET anticancer and mitochondrial activity. Our clo-
nogenicity analysis illustrates that the BRAF-mutant WiDr
cell line was resistant to treatment with HAMLET.

Rebane-Klemm et al. (2020) revealed that mitochondrial
activity varied between tumors of a similar genetic profile,
and this is characteristic of KRAS and BRAF mutated and
wild-type tumors. KRAS/BRAF mutational status is also
implicated in mitochondrial activity of CRC with KRAS
mutants having lower ADP-activated respiration rate than
KRAS/BRAF wt and unchanged outer membrane permeabil-
ity, suggesting an oxidative phenotype. BRAF mutant has
an even lower respiration rate and altered outer membrane
permeability suggesting glycolytic phenotype. Consequently,
different metabolic resources can foresee a response to rem-
edy, which helps with precision therapy.

Therefore, in the future, it would be appropriate to evalu-
ate mitochondrial activity in a couple more BRAF normal/
mutant cells after exposure to HAMLET. It could answer
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to activate apoptosis-like death mechanisms via intrinsic pathways
(Boekema et al. 2015). However, APAF-1, an apoptotic protease acti-
vating factor that activates apoptosis, does not change after HAMLET
treatment, and an increase of XIAP, one of the apoptosis-inhibiting
proteins, shows that HAMLET does not cause canonical intrinsic
pathway apoptosis. Up-regulation of BIRC3 (IAP2) also suggests that
HAMLET treatment inhibits apoptosis in the extrinsic pathway as
well, again showing that HAMLET causes cell death in a complex,
non-apoptotic way which cannot be directly associated with KRAS or
BRAF mutation

more mechanistic questions about the potential resistant ten-
dency of BRAF mutation. In addition, it would be appropri-
ate to analyze other markers related to necrosis or ferropto-
sis, which may occur due to lipid peroxidation.

A limitation of the study was that we investigated only
three CRC cell lines. However, there was no clear link
between the HAMLET cytotoxicity level and the bioener-
getic profile provided. A more comprehensive analysis is
required to detail further the effect of HAMLET on mito-
chondria and the glycolysis process. First, more CRC cell
lines must be screened for the sensitivity of mitochondrial
and glycolytic function to HAMLET treatment. Next, if the
effects of HAMLET on mitochondria are observed, then
the mechanism of action should be uncovered. A study
on isolated rat liver mitochondria showed that HAMLET
induced mitochondrial permeability transition, potentially
leading to mitochondrial dysfunction and apoptosis (Kohler
et al. 2001). This suggests possible testing if HAMLET
affects permeability transition and related events, such as
cytochrome c release. Another suggestion is that HAMLET
might target mitochondrial ATP synthase (Boekema et al.
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2015); thus, the sensitivity of this enzyme and other key
enzyme complexes should also be assessed after HAMLET
treatment. In addition to mitochondrial efficiency, cell gly-
colytic pathway sensitivity to HAMLET is crucial and might
define the death/survival decision. HAMLET inhibits the
glycolytic enzymes fructose bisphosphate aldolase and glyc-
eraldehyde-3-phosphate dehydrogenase in bacteria (Roche-
Hakansson et al. 2019); thus, similar glycolysis suppress-
ing activity could also take place in eukaryotic cells. The
precise definition of HAMLET-sensitive and not-sensitive
members of mitochondrial and glycolytic energetic pathways
will allow the creation of a strategy for patient stratification
and identification of additional treatment targets.

To the best of our knowledge, this is the first study evalu-
ating how KRAS/BRAF mutation status affects HAMLET
anticancer activity. One of the recently described HAMLET
efficiency regulating mechanisms is related to alpha-helical-
or beta-sheet domains of alpha-lactalbumin in heat shock
proteins, resulting in an immediate death response or a delay
due to transient accumulation of the HAMLET complex in
lysosomes (Nadeem A et al. 2019). However, this finding
provides no direct clues to the relationship between KRAS/
BRAF pathway and energetic metabolism. Nevertheless, the
complex is actively exploited because of its prominent selec-
tive toxicity to cancer cells. A group of scientists from Lund
University has recently published the first HAMLET data
on a single-center, placebo-controlled, double-blinded rand-
omized phase I/II interventional clinical trial of non-muscle
invasive bladder cancer. Researchers concluded that intra-
vesical inoculation of alphal-oleate was safe and effective
in patients with bladder cancer (Brisuda et al. 2021). After
this successful trial, the Lund University group shared other
trial ideas of having this proteolipid compound in drinking
water as prevention. Targeting early, locally growing tumors
is essential to reduce tumor progression and metastatic dis-
ease risk (Smith 2013). A further research direction would
be testing the efficiency of HAMLET on fresh surgically
resected human colorectal tumor biopsies ex vivo (Novo
et al. 2017) to identify patient responses together with analy-
sis of tumor bioenergetic profiles for a patient stratification
strategy.

Conclusions

HAMLET exhibits irreversible cytotoxicity on human
CRC cells in a dose-dependent manner, leading to necrotic
cell death and inhibiting the extrinsic apoptosis pathway.
BRAF-mutant cell line is more resistant than other type
lines. HAMLET decreased mitochondrial respiration and
ATP synthesis in CaCo-2 and LoVo cell lines but did not
affect WiDr cells’ respiration. Pretreatment of cancer cells
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with HAMLET has no impact on mitochondrial outer and
inner membrane permeability.
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