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A B S T R A C T   

Sorafenib is a multikinase inhibitor indicated for first-line treatment of unresectable hepatocellular carcinoma. 
Despite its widespread use in the clinic, the existing knowledge of sorafenib mode-of-action remains incomplete. 
To build upon the current understanding, we used the Cellular Thermal Shift Assay (CETSA) coupled to Mass 
Spectrometry (CETSA-MS) to monitor compound binding to its target proteins in the cellular context on a 
proteome-wide scale. Among the potential sorafenib targets, we identified aldehyde dehydrogenase 2 (ALDH2), 
an enzyme that plays a major role in alcohol metabolism. We validated the interaction of sorafenib with ALDH2 
by orthogonal methods using pure recombinant protein, proving that this interaction is not mediated by other 
cellular components. Moreover, we showed that sorafenib inhibits ALDH2 activity, supporting a functional role 
for this interaction. Finally, we were able to demonstrate that both ALDH2 protein expression and activity were 
reduced in sorafenib-resistant cells compared to the parental cell line. Overall, our study allowed the identifi
cation of ALDH2 as a novel sorafenib target and sheds light on its potential role in both hepatocellular carcinoma 
and sorafenib resistance condition.   

1. Introduction 

Liver cancer is the fourth leading cause of cancer-related deaths 
worldwide and hepatocellular carcinoma (HCC) is the most predomi
nant type of liver cancer, accounting for more than 90 % of the cases [1]. 
The first-line treatment for patients with advanced HCC is the multi
kinase inhibitor sorafenib, constituting one of the most effective 
single-drug therapies for HCC [2,3]. 

Sorafenib acts as an inhibitor of tumor cell proliferation and tumor 
angiogenesis, also inducing apoptosis in a broad range of tumor models 
[4–6], including in HCC [7]. This small molecule was first described as 
an inhibitor of the serine‑threonine kinases Raf-1 and B-Raf of the 

Ras/Raf/MEK/ERK signaling pathway that regulates fundamental cell 
functions such as growth, survival, and differentiation [4,5]. It was then 
shown that sorafenib can also inhibit tyrosine kinase receptors, namely 
vascular-endothelial growth factor receptors (VEGFRs)− 1/2/3, 
platelet-derived growth factor receptor β (PDGFR-β), hepatocyte factor 
receptor (c-Kit) and FMS-like tyrosine kinase (FLT-3), which are key 
players in angiogenesis [5]. Further studies focused on better under
standing sorafenib mechanism of action, and several of them suggest 
that anti-tumor effects of this small molecule might be mediated by 
other pathways. This includes inhibition of mitogen-activated protein 
kinase 14 (MAPK14) phosphorylation [8], reactive oxygen species 
(ROS) production [9] and ferroptosis [10]. 
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Together these studies have shown that sorafenib has a multitude of 
interacting partners much broader than initially described. Increased 
knowledge on the sorafenib target landscape is key to understand the 
emergence of resistance during treatment and potentially shed light on 
how to overcome it. Over the last years, omics technologies have 
emerged as relevant tools to uncover the complexity of sorafenib 
inhibitory mechanisms, particularly in HCC, having contributed to 
identify additional direct binders, including non-kinase targets. This 
comprises technologies such as DNA microarray [11], RNA-Seq analysis 
[12], Tandem Mass Tag (TMT)-based quantitative proteomics [13] and 
PROTAC-based quantitative proteomics [14]. In the present work, we 
propose to use CETSA-MS to identify proteins engaged by sorafenib in a 
human hepatoma cell model system. CETSA is a well-established tool to 
assess target engagement in both in-lysate and in-cell contexts [15]. This 
method is based on the thermal stability changes that a ligand, including 
small molecules like sorafenib, causes when it binds to a target protein 
[16]. CETSA-MS is an updated format of this technology in which pro
tein detection is performed by multiplexed quantitative mass spec
trometry (MS), enabling a proteome-wide monitoring of changes in 
thermal stability induced by the compound under investigation, with a 
potential of finding unknown targets [17]. Among the potential targets 
identified in our proteomics study, ALDH2 was identified as a novel 
sorafenib target and its engagement was validated by orthogonal 
methods. ALDH2 is a mitochondrial enzyme strongly related to liver 
function. This protein is a key enzyme in alcohol metabolism with a 
major role in the oxidation of both endogenous and exogenous alde
hydes into their corresponding acids [18]. Many studies have shown that 
ALDH2 has an important role in a variety of human pathologies [19], 
including cancer [20–22]. 

The present study unravels for the first time ALDH2 as a novel sor
afenib target in hepatocellular carcinoma and reports the identification 
of sorafenib-interacting proteins by CETSA-MS. 

2. Material and methods 

2.1. HepG2 cell culture 

HepG2 cells (ATCC, HB8065) were maintained at 37 ◦C and 5 % CO2 
in Dulbecco’s Modified Eagle Medium (DMEM), with low glucose, 
GlutaMAX and pyruvate, and supplemented with 10 % heat-inactivated 
fetal bovine serum (FBS) and 1 % penicillin-streptomycin (all from 
Gibco). Two independent HepG2 cultures (both from ATCC) were 
maintained in two different laboratories. These are referred to as 
HepG2A and HepG2B. All experiments were performed with HepG2A 
except otherwise mentioned. Sorafenib-resistant cell lines were gener
ated from the HepG2B cell line by Van Malenstein et al., 2013 [23] and 
maintained in culture with 6 µM of sorafenib (Tocris Bioscience). 

2.2. Preparation of cell lysates 

Cell pellets were resuspended in CETSA-MS buffer containing 20 mM 
HEPES, 138 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, pH 7.4 
(according to Chernobrovkin et al., 2020 [24] and Friman et al., 2020 
[25]) to a final density of 30×106 cells/mL and then lysed with three 
cycles of freeze-thawing in liquid nitrogen. Lysates were then centri
fuged at 16,100 × g for 40 min at 4 ◦C, and the supernatant collected. 
Final lysate protein concentration was determined using Pierce BCA 
Protein Assay Kit (Thermo Scientific). 

2.3. Thermal profiling in cell lysates 

Sorafenib-treated cell lysates were prepared by adding sorafenib to a 
final concentration of 20 μM in 1 % (v/v) DMSO (Sigma-Aldrich) to the 
HepG2 lysate. A 1 % (v/v) DMSO vehicle control was prepared in par
allel. Compound and vehicle samples were incubated for 1 or 2 h (for 
ALDH2 and MAPK14, respectively) on ice, divided into aliquots, and 

heated for 5 min at increasing temperatures (37, 41, 45, 49, 53, 57, 62, 
67 ◦C) in an Applied Biosystems Veriti 96 Well Thermal Cycler (Thermo 
Scientific). Subsequently, the extract was centrifuged at 25,000 × g for 
45 min at 4 ◦C to pellet the aggregated proteins. Supernatants were 
collected and protein concentration was determined using the Pierce 
BCA Protein Assay Kit (Thermo Scientific). 

2.4. Thermal profiling in intact cells 

HepG2 cell suspension at a density of 0.7 × 106 or 3 × 106 cells/mL 
(for ALDH2 and MAPK14, respectively) was prepared in FBS- and 
antibiotic-free growth medium (DMEM with low glucose, GlutaMAX and 
pyruvate). Sorafenib was added to a final concentration of 20 μM in 1 % 
(v/v) DMSO. A 1 % (v/v) DMSO vehicle control was prepared in parallel. 
Treated cells were incubated for 1 or 2 h (for ALDH2 and MAPK14, 
respectively) at 37 ◦C and 5 % CO2 with gentle rotation using the mixing 
cycler Multi Bio RS-24 (Biosan). Cells were centrifuged for 3 min at 300 
× g, washed and resuspended in CETSA-MS buffer. Each suspension was 
divided into aliquots and processed for thermal treatment as described 
for in-lysate experiments. After cell lysis by freeze-thawing, lysates were 
centrifuged at 16,000 × g for 40 min at 4 ◦C. The supernatants were 
collected, and protein concentration was determined as described in 
Section 2.3. 

2.5. Isothermal dose response (ITDRCETSA) 

For ITDRCETSA experiments, sorafenib concentrations used were 100, 
66.6, 22.2, 7.3, 2.43, 0.81, 0.27, 0.09, 0.03 and 0.01 µM. A 1 % (v/v) 
DMSO vehicle control was prepared in parallel. Sorafenib-treated cell 
lysate aliquots were incubated for 1 or 2 h (for ALDH2 and MAPK14, 
respectively) on ice and samples were treated as described in Section 2.3 
with the exception that the thermal cycler was held at a constant tem
perature (57 ◦C for MAPK14 and 53 ◦C for ALDH2). 

2.6. Protein detection by capillary western blot 

Protein detection was performed using Jess Simple Western system 
(ProteinSimple) with the 12–230-kDa Jess separation module. Sample 
preparation was done according to the manufacturer’s instructions. 
Protein loading conditions were target-dependent: 0.02 mg/mL for 
ALDH2 and 0.15 mg/mL for MAPK14. The primary antibodies used were 
anti-p38α (R&D Systems, AF8691) at 1:10 and anti-ALDH2 (Invitrogen, 
MA517029) at 1:50. Protein quantification was performed using Com
pass for SW software (version 5.0.0). 

2.7. Sample preparation for MS 

2.7.1. Sample denaturation, reduction, alkylation and digestion 
Cell lysates for MS were prepared as in Sections 2.2 and 2.3. and used 

at 2 mg/mL. The volume of sample to obtain 150 µg of protein in each 
temperature point was estimated based on the average of quantification 
of the 37 ◦C and 41 ◦C temperature point samples and volume was 
constant for all samples, as described in Savitski et al., 2014 [17]. 
RapiGest SF Surfactant (Waters) in 500 mM of triethylammonium bi
carbonate buffer (TEAB) (SCIEX) was added to a final concentration of 
0.1 % (v/v). Samples were reduced using tris(2-carboxyethyl)phosphine 
(TCEP) (SCIEX) to a final concentration of 4.35 mM, vortexed and 
incubated at 60 ◦C for 1 hour with shaking. Samples were alkylated 
adding methyl methanethiosulfonate (MMTS) (SCIEX) to a final con
centration of 8.3 mM, vortexed and incubated at RT for 10 min under 
agitation in the dark. 1 µg of LysC (Promega) in 0.001 % of HCl (Merck 
KGaA) was added for each 50 µg of protein and samples were incubated 
at 37 ◦C for 3 h under agitation. Next, 1 µg of trypsin (Promega) in 0.001 
% HCl was added for each 50 µg of protein and samples were incubated 
at 37 ◦C for 16 h under agitation. Trifluoroacetic acid (TFA) (Thermo 
Scientific) was added to a final concentration of 0.5 % to stop digestion, 
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samples were then incubated at 37 ◦C for 40 min under agitation and 
centrifuged at 16,000 × g for 10 min at RT. The supernatants were 
collected and dried out using the Eppendorf Vacufuge Plus Vacuum 
Concentrator. 

2.7.2. Isobaric labelling 
Sample labelling using iTRAQ 8-plex kit (SCIEX) was performed 

according to manufacturer’s instructions. Briefly, 12.7 µL of each re
agent was added into the respective temperature point (the tag 113 was 
added on 37 ◦C, 114 on 41 ◦C, 115 on 45 ◦C, 116 on 49 ◦C, 117 on 53 ◦C, 
118 on 57 ◦C, 119 on 62 ◦C and 121 on 67 ◦C) and incubated for 2 h at 
RT. pH was monitored using pH strips (Supelco) and adjusted to 7.5–8.5 
using TEAB at 500 mM, if required. After labelling, all temperature 
points from the same sample were pooled together on the same tube. 
Samples were dried using the Eppendorf Vacufuge Plus Vacuum 
Concentrator. 

2.7.3. Sample pre-fractionation 
Pierce High pH Reversed-Phase Peptide Fractionation Kit (Thermo 

Scientific) was used for off-line sample pre-fractionation. Samples were 
resuspended in 325 µL of TFA at 0.1 %. Triethylamine (Thermo Scien
tific) was used at 0.1 % to prepare the acetonitrile (ACN) (Fisher 
Chemical) solutions. The procedure was done following the manufac
turer’s recommendations with an optimized ACN gradient for fraction 
elution. The resulting fractions were dried out using the Eppendorf 
Vacufuge Plus Vacuum Concentrator and resuspended in 10 µL of 0.1 % 
formic acid (Fisher Chemicals) for LC-MS analysis. 

2.8. LC-MS/MS analysis 

2.8.1. Liquid chromatography (LC) 
Nano-liquid chromatography-tandem mass spectrometry (nanoLC- 

MS/MS) analysis was performed on an ekspert NanoLC 425 cHiPLC 
system coupled with a TripleTOF 6600 with a NanoSpray III source 
(SCIEX). Peptides were separated through reversed-phase chromatog
raphy (RP-LC) in a trap-and-elute mode. Trapping was performed at 2 
µl/min with 100 % A (0.1 % formic acid in water, Fisher Chemicals), for 
10 min, on a Nano cHiPLC Trap column (200 µm x 0.5 mm, ChromXP 
C18-CL, 3 µm, 120 Å, SCIEX). Separation was performed at 300 nL/min, 
on a Nano cHiPLC column (75 µm x 15 cm, ChromXP C18-CL, 3 µm, 120 
Å, SCIEX). The 90 min long LC gradient, in which solvent A was 0.1 % 
formic acid in water (Fisher Chemicals) and solvent B was 0.1 % formic 
acid in ACN (Fisher Chemicals) was optimized for each one of the 
fractions. 

2.8.2. Data acquisition 
Peptides were sprayed into the MS through an uncoated fused-silica 

PicoTip emitter (360 µm O.D., 20 µm I.D., 10 ± 1.0 µm tip I.D., New 
Objective). The source parameters were set as follows: 15 GS1, 0 GS2, 30 
CUR, 2.5 keV ISVF and 100 ⁰C IHT. An information dependent acquisi
tion (IDA) method was set with a TOF-MS survey scan of 350–1400 m/z 
for 250 msec. The 50 most intense precursors were selected for subse
quent fragmentation and the MS/MS (100–1800 m/z for 40 msec each; 
total cycle time of 2.3 s) were acquired in high sensitivity mode. The 
selection criteria for parent ions included a charge state between +2 and 
+5 and counts above a minimum threshold of 125 counts per second. 
Selected ions were excluded from further MS/MS analysis for 12 s. 
Fragmentation was performed using a rolling collision energy (CE) 
adjusted to a spread of 5. 

2.9. Peptide and protein identification and quantification 

Raw files were processed by the ProteinPilot software (SCIEX, 
version 5.0) using the Paragon (SCIEX) protein database search algo
rithm for identification and quantification of iTRAQ samples. The pa
rameters selected were as follows: Sample type: iTRAQ (peptide 

labeled); Cys-Alkylation: MMTS; Digestion: Trypsin and Lys-C; Instru
ment: TripleTOF 6600; Special factors: None; Species: None; Quantitate 
tab: checked; ID Focus: Biological modifications - searches for over 170 
potential modifications; Database: 20,210,105_SP_Human_20394en
tries.fasta (Uniprot); Search Effort: Thorough, FDR Analysis: Yes; User 
Modified Parameters Files: No. Moreover, a stringent cut-off threshold 
with total unused score >1.3 was adopted as the qualification criteria, 
which corresponds to a protein confidence level of >95 % and a false 
discovery rate (FDR) of 0.33 %. 

2.10. Melting curves generation and target selection 

The melting curves were fitted using the R package thermal prote
ome profiling (TPP) by Childs et al., 2020 [26] (R version 4.0.3 and TPP 
package version 3.18.0). Only proteins presenting quantification for at 
least three temperature points were considered for the melting curve 
analysis. The TPP workflow was run with the default settings, except for 
a variation on the Selection of Proteins for Normalization Requirements, 
which were modified for the presence of only 8 temperature points 
(instead of the standard 10), keeping the default criteria in which the 
protein ratios between the highest temperature point (67 ◦C) and the 
lowest (37 ◦C) must fit in within a 0–0.2 range, the ratio for the second 
highest (62 ◦C) in between 0 and 0.3 and for the fourth highest (53 ◦C) in 
between of 0.4–0.6. To filter possible targets for sorafenib, the following 
conditions were used: i) The difference in melting temperatures of the 
target protein between control and sorafenib-treated samples (ΔTm) 
must be higher than +2 ◦C or lower than − 2 ◦C (for stabilization or 
destabilization, respectively) in at least 3 of the 4 replicates, ii) The 
average ΔTm value must be at least four times higher than the standard 
deviation of the ΔTm across the four replicates iii) R2 higher than 0.8 and 
p-values lower than 0.3. After filtering, all potential targets were revised 
manually to discard proteins with irregular curve shapes. Corresponding 
plots were designed using GraphPad Prism software (version 9.1.1). 

2.11. Nano-Differential scanning fluorimetry (DSF) 

Nano-DSF experiments were performed on a Prometheus NT.48 in
strument (NanoTemper Technologies GmbH). The final samples con
tained ALDH2 (abcam, ab87415) at 0.1 mg/mL with or without 
sorafenib at 20 μM. Each sample was prepared in triplicates and incu
bated on ice for 2 h before loading into high-sensitivity capillaries 
(NanoTemper Technologies) and placed on the Prometheus NT.48 
sample holder. Samples were exposed to a temperature gradient from 20 
to 95 ◦C with a gradient slope of 1 ◦C per minute. The intrinsic protein 
fluorescence at 330 and 350 nm were recorded, and the Tm was derived 
from the 350/330 nm fluorescence ratio. The Tm was calculated as the 
midpoint of each transition using the PR.ThermControl software 
(version 2.16). 

2.12. 1D 19F nuclear magnetic resonance (NMR) spectroscopy 

1D 19F NMR spectra were acquired in an 800 MHz Bruker NMR 
spectrometer (Avance 800 II+) equipped with a CP2.1 TCI cryoprobe 
with an acquisition time of 91 ms. All samples were prepared in 
phosphate-buffered saline solution (PBS) (Merck KGaA) and contained 5 
µM sorafenib, 1 % DMSO, 10 % D2O (Cortecnet) and 10 µM TFA 
(Thermo Scientific). TFA signal was used to normalize signal intensity 
across spectra. Three proteins were tested at a final concentration of 1 
µM: ALDH2 (abcam, ab87415), Bovine Serum Albumin (BSA) (Thermo 
Scientific, 23,209) and Cyclophilin D (CypD) (purified in-house). 

2.13. ALDH2 protein quantification in HepG2 lysates 

HepG2 cell lysates (HepG2A, HepG2B, HepG2S1 and HepG2S3) were 
prepared and quantified as described in Section 2.2. Final lysate con
centration was adjusted to the same total protein concentration (0.02 
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mg/mL). Protein detection was performed using Jess Simple Western 
system (ProteinSimple) with the 12–230-kDa Jess separation module 
and sample preparation was done according to the manufacturer’s in
structions. Primary antibodies used were anti-ALDH2 (Invitrogen, 
MA517029) at 1:50, anti-β-actin (Sigma, A5441) at 1:20 and anti- 
vinculin (abcam, ab129002) at 1:50. Protein quantification was per
formed using Compass for SW software (version 5.0.0). Relative ALDH2 
expression was calculated by dividing ALDH2 protein quantification by 
the corresponding loading control (β-actin or vinculin) quantification 
for each sample. 

2.14. ALDH2 activity assay 

ALDH2 activity was measured in HepG2 cell lysates (HepG2A, 
HepG2B, HepG2S1 and HepG2S3) using the Mitochondrial Aldehyde 
Dehydrogenase Activity Assay Kit (abcam, ab115348) according to the 
manufacturer’s protocol. Cell lysates were prepared and quantified as 
described in Section 2.2, used at a final concentration of 0.5 mg/mL and 
incubated with DMSO 10 %, sorafenib or disulfiram (Sigma-Aldrich) at 
100 µM in 10 % (v/v) DMSO for 15 min at RT before adding the samples 
to the plate strips. Nicotinamide adenine dinucleotide hydrogen (NADH) 
production was determined spectrophotometrically by monitoring the 
absorbance intensity at 450 nm every minute for 1 hour using the 
SpectraMAX i3x (Molecular Devices) microplate reader. The results refer 
to NADH production measured at 30 min timepoint. ALDH2 activity was 
normalized to the HepG2A cell line treated with 10 % DMSO (100 %) 
and to the assay buffer (0 %) and contains up to four independent cell 
lysates. Unpaired t-tests were used to analyze the data. Statistical anal
ysis was performed using GraphPad Prism software (version 9.1.1). 

3. Results 

3.1. Sorafenib target engagement profile 

CETSA-MS was applied to explore which proteins are targeted by 
sorafenib in cell lysates of the human HepG2 HCC cell line. Among the 
4524 unique proteins identified, we were able to fit the thermal profile 

of 2455 proteins in both DMSO- and sorafenib-treatment conditions 
(Fig. 1). Proteins that showed a difference in melting temperature (ΔTm) 
between the two treatments higher than +2.0 ◦C or lower than − 2.0 ◦C, 
in at least 3 out of 4 replicates and that passed quality and statistical 
criteria (described in the materials and methods), were selected as po
tential sorafenib targets. As a result, we identified four proteins that are 
stabilized by sorafenib − MAPK14, DYLT1, ICAM1 and ALDH2 − with a 
ΔTm of +4.0, +3.0, +2.4 and +2.0 ◦C, respectively. Three proteins were 
destabilized − PP6R1, TRM6 and RPAC1 − showing a ΔTm of − 2.6, 
− 3.2 and − 3.4 ◦C, respectively (Fig. 1; Supplementary Table 1). Of the 
seven proteins, MAPK14 was the only previously described sorafenib 
target [27], serving as a positive control of sorafenib engagement 
(Fig. 2A). ALDH2 (Fig. 2B) was selected to be further explored as a 
potential sorafenib target due to its role in HCC. The stabilization of 
these two targets was confirmed by Classic CETSA, where MAPK14 
(Fig. 2C) and ALDH2 (Fig. 2D) showed a ΔTm of +8.2 ◦C and +4.5 ◦C, 
respectively. 

To investigate whether sorafenib engagement for both identified 
targets could be confirmed in cellular context, Classic CETSA was per
formed with intact HepG2 cells instead of lysates. A stabilization of +5.4 
◦C was obtained for MAPK14 (Fig. 3A), while a thermal shift of +3.1 ◦C 
was observed for ALDH2 (Fig. 3B). Additionally, we evaluated the dose- 
response of sorafenib engagement in cell lysates for both targets by 
isothermal dose response (ITDRCETSA) [15]. In the ITDRCETSA, the lysate 
is exposed to increasing compound concentrations while temperature is 
kept constant at the Tm selected for each target. For both targets there is 
a clear drug dose-dependent response resulting in an EC50 of 5.3 µM for 
MAPK14 (Fig. 3C) and 3.5 µM for ALDH2 (Fig. 3D). 

3.2. Biophysical characterization of sorafenib binding to ALDH2 

To confirm sorafenib binding to ALDH2 and investigate if this is a 
direct interaction, we used pure recombinant ALDH2 in DSF experi
ments. ALDH2 showed a single melting transition with a Tm of 54.3 ◦C. 
Following incubation with sorafenib a clear positive shift can be 
observed with a ΔTm of +5.0 ◦C in ALDH2 thermal stability (Fig. 4A). To 
further validate the binding with an orthogonal technique we took 
advantage of the presence of a trifluoromethyl (CF3) group in sorafenib 
molecular structure and resorted to 1D 19F NMR. A concentration of 5 
µM of sorafenib was sufficient to detect fluorine signal that could be 
clearly distinguished from the background (Fig. 4B). Following the 
addition of ALDH2, sorafenib signal could no longer be detected, 
probably because of severe peak broadening, which is one of the ex
pected outcomes when of a fluorine-containing small molecule binds to 
a larger one such as a protein [28,29] (Fig. 4B). The same effect was 
observed with the addition of BSA, which was used as positive control 
(given the documented interaction with sorafenib [30]), but not with the 
negative control, human CypD, a model-protein studied in our labora
tory (Fig. 4B). Overall, these results add further evidence of the inter
action between ALDH2 and sorafenib and show that also pure 
recombinant ALDH2 can bind to sorafenib. 

3.3. Effect of sorafenib on ALDH2 functionality 

After assessing the binding of sorafenib to ALDH2, we wanted to 
explore its effect on ALDH2 activity. We first analyzed the protein levels 
of ALDH2 in a HepG2 cell line and compared it to sorafenib-resistant 
HepG2 cell lines. These cells lines were generated by Van Malenstein 
and co-workers [23] upon continuous exposure to sorafenib, resulting in 
decreased sensitivity to sorafenib (higher IC50 comparing to the parental 
cell line) along with changes in morphology, cell expression and inva
sive potential. Expression was evaluated using β-actin and vinculin as 
loading controls, revealing high levels of ALDH2 in HepG2A and 
HepG2B cells. Importantly, we observed a decrease in ALDH2 levels in 
both resistant cell lines (HepG2S1 and HepG2S3) when compared to the 
sorafenib-sensitive cell lines (HepG2A and HepG2B) with a fold-change 

Fig. 1. Scatter plot of Tm determined by CETSA-MS in HepG2 lysates 
treated with DMSO versus sorafenib. The average Tm (across four indepen
dent replicates) determined in DMSO and sorafenib treatments is plotted. Only 
proteins for which a melting curve could be obtained in at least two replicates 
for each treatment were plotted (2455). Proteins that passed the quality and 
statistical criteria to be considered potential sorafenib targets are highlighted in 
red. Filled circles indicate proteins stabilized while empty circles indicate 
proteins destabilized by sorafenib. 
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of approximately 10 (5.7 to 10.5 for HepG2S1 and 6 to 15.7 for 
HepG2S3) (Fig. 5A). 

For the evaluation of ALDH2 activity in a biologically relevant sys
tem, we selected an activity assay to measure the generation of NADH by 
the endogenous ALDH2 in HepG2 cell lysates comparing both DMSO and 
sorafenib treatments. Both sorafenib-resistant cell lines showed 
decreased ALDH2 activity, with HepG2S1 and HepG2S3 cell lines pre
senting 7.7 % and 10.9 % of the NADH production observed in the 
corresponding parental cell line (HepG2B). No significant effect was 
observed after sorafenib treatment in the resistant cell lines. For the 
HepG2A cell line, a statistically significant inhibition of 31.1 % in NADH 
production was obtained in the presence of sorafenib, suggesting that 
sorafenib interferes with ALDH2 functionality. Disulfiram, a potent 
ALDH2 inhibitor [31], was used as positive control, revealing an inhi
bition of 91.9 % of ALDH2 activity, compared to the vehicle condition 
(Fig. 5B). 

4. Discussion 

Sorafenib is a well-studied multi-kinase inhibitor that has been used 
in the clinic for years but its complete range of targets is not yet fully 
characterized. CETSA-MS is an innovative approach to swiftly explore 
proteome-ligand interactions [15] and we applied it, for the first time, to 
study sorafenib engagement in an HCC cell line. 

Several kinases, including Raf-1, B-Raf, VEGFR2, PDGFRβ, c-Kit, 
FLT-3 and MAPK14, have been described as sorafenib targets [2,5,7]. 
MAPK14 was confirmed to be engaged by sorafenib in our CETSA-MS 
study and as well in our Classic CETSA experiments (Fig. 2A and 2C). 
However, it was not possible to conclude on the engagement of the other 
established sorafenib targets. These proteins were either not identified 

in our CETSA-MS dataset or the corresponding quantification was ob
tained only for some temperature points, not enabling the correct 
melting curve determination. VEGFR2, PDGFRβ, c-Kit, and FLT-3 are 
membrane-spanning tyrosine kinase receptors and thus are expected to 
have poor solubility [32]. The Raf kinases Raf-1 and B-Raf, although 
typically present in the cytoplasm, are expressed at low levels in most 
cell types [30,33]. Additionally, when activated, these proteins can 
translocate to different cellular compartments, including the plasma 
membrane [34–36]. CETSA protocols are designed to deliberately 
remove the non-soluble fraction from CETSA samples and this leads to 
further reduction in the amount of protein available for MS detection. 
These factors might have impaired MS detection and quantification for 
these well-established sorafenib targets. 

MAPK14 is part of the MAPK38 kinase family that regulates prolif
eration, differentiation, and apoptosis [37], and its downregulation 
promotes sorafenib resistance in HCC through abrogation of 
MAPK14-dependent MEK/ERK cascade activation [38–40]. The 
remaining 6 proteins identified as sorafenib targets in our CETSA-MS 
study (Fig. 1) are non-kinase proteins. In previous studies, other 
non-kinase proteins have been identified as sorafenib targets [14,41], 
opening the possibility that sorafenib might function by targeting other 
protein classes. 

The majority of the proteins herein identified as potential sorafenib 
targets, namely ICAM1, TRM6, and PP6R1, have been described as being 
involved in HCC [42–46], suggesting that the potential mode-of-action 
of sorafenib may be related to the engagement with these targets; 
however, further confirmatory studies are required. To the extent of our 
knowledge, there is no described association of DYLT1 or RPCA1 in 
HCC. 

ALDH2 was selected for further target validation due to its described 

Fig. 2. Sorafenib effect on MAPK14 and ALDH2 thermal profiles determined by CETSA-MS and Classic CETSA using HepG2 lysates. HepG2 lysates were 
treated with 1 % (v/v) DMSO or sorafenib at 20 μM in 1 % (v/v) DMSO and heated at increasing temperatures. (A, B) Protein detection was performed by LC-MS/MS 
and protein quantification was monitored by iTRAQ. Error bars indicate the SD from n = 4 experiments. (C, D) Protein detection and quantification were performed 
by Capillary Western Blot. Error bars indicate the SD from n = 3 experiments. (A) ΔTm = +4 ◦C. (B) ΔTm = +2 ◦C. (C) ΔTm = +8.2 ◦C. (D) ΔTm = +4.5 ◦C. All 
experiments were performed as independent replicates. The data are normalized to the quantity of non-denatured fraction at the lowest temperature. 
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correlation with cancer and specifically with HCC. Some studies indicate 
that ALDH2 promotes proliferation [47] and, accordingly, that 
decreased ALDH2 expression suppress tumorigenesis [48,49]. However, 
it has also been described that ALDH2 downregulation, in both mRNA 
and protein expression, in several types of cancer is related to malignant 
phenotypes, tumor progression and adverse prognosis [22,50,51]. This 
has been vastly confirmed in HCC, with low expression of ALDH2 
associated with development of the disease and poor prognosis in HCC 
patients [52–57]. Paradoxically, ALDH2 promotes the expression of 
several cancer stem biomarkers, leading to the proliferation, migration, 
and invasion of liver cancer stem cells [48]. 

Sorafenib engagement of ALDH2 observed by CETSA-MS (Fig. 2B) 
was confirmed by Classic CETSA in both HepG2 cell lysates (Fig. 2D) and 
intact cells (Fig. 3B), showing that sorafenib can diffuse across the cell 
membrane, reach, and bind ALDH2 at its final subcellular localization 
[58]. The concentration of sorafenib used in our CETSA experiments was 
relatively high compared to the potency of sorafenib determined for 
well-established targets [59]. However, it should be noted that it is 
common practice in CETSA assays to use compound concentrations in 
the micromolar range even when the expected affinities or IC50 of the 
compound under study is significantly lower [17,25,60]. This is critical 
to ensure that a clear change in the target thermal stability is observed in 
case of engagement and to compensate for the impact of 
temperature-induced equilibration occurring during the CETSA heat 
pulse that might induce a shift in the compound apparent potency [61]. 

Importantly, the phenotypically relevant sorafenib concentrations for 
several cell lines are in the micromolar range: IC50 of 5.5 μM for HepG2 
and WRL-68 and 4.5 μM for Huh-7 [23], the same range of the con
centration of sorafenib used in this study. Further studies, beyond the 
scope of the current work, would be required to characterize the affinity 
and mode of action of sorafenib targeting ALDH2 and assess engagement 
during treatment in patients. 

In addition to CETSA experiments, binding of sorafenib to ALDH2 
was validated using pure recombinant ALDH2 in DSF (Fig. 4A) and 1D 
19F NMR experiments (Fig. 4B) supporting a direct interaction inde
pendent of other binding partners. 

The activity of the recombinant ALDH2 protein was assessed in a 
biochemical assay by monitoring NADH generation. ALDH2 activity was 
detected but no inhibition by the ALDH2 inhibitor disulfiram [31] was 
observed (data not shown), invalidating the results of the assay. Further 
assay optimization, testing alternative recombinant proteins or 
biochemical assays, can shed light on the potency of sorafenib inhibi
tion. Nevertheless, we pursued with an activity assay in a biologically 
more relevant system, specifically directed to the endogenous ALDH2 in 
HepG2 cell lysates comparing both DMSO and sorafenib treatments, in 
which disulfiram inhibition was confirmed (91.9 %, Fig. 5B). Assess
ment of endogenous ALDH2 activity also enabled the comparison be
tween HepG2 sorafenib-sensitive and sorafenib-resistant cell lines. Thus, 
we demonstrated that sorafenib reduced ALDH2 activity by approxi
mately 30 % (Fig. 5B), showing that there is a functional role in 

Fig. 3. Sorafenib effect on MAPK14 and ALDH2 thermal profiles determined by Classic CETSA using HepG2 intact cells and ITDRCETSA curves using HepG2 
lysates. Protein detection and quantification were performed by Capillary Western Blot. (A, B) HepG2 intact cells were treated with 1 % (v/v) DMSO or sorafenib at 
20 μM in 1 % (v/v) DMSO and heated at increasing temperatures. The data are normalized to the quantity of non-denatured fraction at the lowest temperature. Error 
bars indicate the SD from at least n = 3 experiments. (C, D) HepG2 lysates were treated with sorafenib in 1 % (v/v) DMSO over a range of concentrations. ITDRCETSA 
profiling was performed at 57 ◦C for MAPK14 and at 53 ◦C for ALDH2. The data are normalized to the quantity of non-denatured fraction at the highest compound 
concentration. Error bars indicate the SD from n = 3 experiments. (A) ΔTm = +5.4 ◦C. (B) ΔTm = +3.1 ◦C. (C) EC50 = 5.3 µM. (D) EC50 = 3.5 µM. All experiments 
were performed as independent replicates. 
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sorafenib inhibition and also confirming target engagement. ALDH2 
inhibition by sorafenib can play a role in HCC suppression by impairing 
the primary metabolic function of this mitochondrial enzyme that will 
lead to an excessive acetaldehyde accumulation [55,62,63]. The sub
sequent generation of ROS species would ultimately cause oxidative 
stress and induce apoptotic cancer cell death [64]. 

The role of ALDH2 in oncogenic signaling pathways is only partially 
understood but may also be relevant to the observed inhibition by 

sorafenib. A screening of more than 1000 clinical samples from more 
than 30 cancer types revealed that ALDH2 expression was positively 
related to immune and metastasis-related pathways, and a negative 
correlation was observed with proliferation-related pathways. These 
results suggest that ALDH2 might play multiple functions in distinct 
cancers [22]. Particularly in liver diseases like HCC, it has been observed 
that ALDH2 activates JAK-STAT-1 [65], AMPK [52] and MEK/ERK 
signaling pathways [66]. Although these mechanisms are not 
completely known, sorafenib may inhibit these signaling pathways 
through binding and/or inhibition of ALDH2. 

The reduction in ALDH2 protein expression (Fig. 5A) and activity 
(Fig. 5B) in two sorafenib-HepG2 resistant cells may suggest that ALDH2 
is downregulated in sorafenib-resistant cells. Although further studies 
are required to evaluate whether ALDH2 can be a potential sorafenib- 
resistance biomarker, the low protein levels observed in our study 
may support the functional role of sorafenib in ALDH2, since alteration 
in gene expression is a well described resistance characteristic [67]. 
Other factors may contribute to the low expression of this mitochondrial 
enzyme. Sorafenib has an inhibitory effect in the mitochondrial electron 
transport chain resulting in the collapse of mitochondrial membrane 
potential and consequent ATP production, ultimately leading to cell 
death due to ferroptosis [68,69]. The induction of sorafenib resistance in 
HCC cells is accompanied by high levels of mitophagy [70,71], a mito
chondrial selective form of autophagy that is critical for mitochondrial 
homeostasis, as it eliminates damaged or dysfunctional mitochondria 
[72] potentially resulting in lower ALDH2 expression on these cells. In 
addition, MAPK14 inhibition by sorafenib could also be contributing to a 
downregulation of ALDH2 since it has been shown that MAPK38 acti
vation induces ALDH2 expression in acute myeloid leukemia [73]. 
Finally, the low expression of ALDH2 in the sorafenib-resistant HepG2 
cell lines, that display an invasive phenotype [23], is in accordance with 
the data that show a downregulation of ALDH2 in HCC human tissues 
and invasive HCC cell lines [52,56,57]. More studies are needed to un
derstand if ALDH2 contributes to sorafenib primary and/or acquired 
resistance and if it can be used as a potential biomarker of sorafenib 
resistance in HCC patients. 

With this study, novel insights on the identity of sorafenib-binding 
partners and potential cellular targets were acquired. Our results 
further characterize sorafenib polypharmacology showing that the drug 
binds to different targets, not only to kinase proteins. This knowledge 
can be important to comprehend the mode-of-action of sorafenib, its side 
effects as well as its resistance that is frequently acquired in advanced 
HCC patients. These new findings contribute to better explain how 
sorafenib acts as an anti-tumor therapeutic. Further studies for under
standing the mode-of-action of sorafenib binding and inhibition of 
ALDH2 focusing on patient-derived samples in different stages of HCC 
development can be helpful to understand the role of ALDH2 in this 
context. 
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Fig. 4. Biophysical characterization of sorafenib binding to ALDH2. (A) 
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2 % DMSO (v/v) obtained in DSF experiments resulted in a ΔTm = +5 ◦C. Each 
sample was run in triplicate and the average Tm of the two samples was used to 
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sorafenib at 5 µM plus 1 µM CypD (negative control). All samples contained 10 
µM TFA that was used to normalize signal intensity across the spectra. 
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