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HDAC/MIF dual inhibitor inhibits NSCLC cell survival and proliferation by 
blocking the AKT pathway 
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A B S T R A C T   

Non-small-cell lung carcinoma (NSCLC) is one of the most common forms of lung cancer, and a leading cause of 
cancer death among human beings. There is an urgent demand for novel therapeutics for the treatment of NSCLC 
to enhance the efficacy of the currently applied Tyrosine kinase inhibitors (TKIs) therapy and to overcome 
therapy-resistance. Here, we report a novel small-molecule inhibitor that simultaneously targets histone 
deacetylase (HDAC) and macrophage migration inhibitory factor (MIF). The HDAC/MIF dual inhibitor proved to 
be toxic for EGFR mutated (H1650, TKI-resistant) or knock out (A549 EGFR− /− ) NSCLC cell lines. Further ex-
periments showed that HDAC inhibition inhibits cell survival and proliferation, while MIF inhibition down-
regulates pAKT or AKT expression level, which both interfere with cell survival. Furthermore, the combination 
treatment of TKI and HDAC/MIF dual inhibitor showed that the dual inhibitor enhanced TKI inhibitory efficacy, 
highlighting the advantages of HDAC/MIF dual inhibitor for more effective treatment of NSCLC.   

1. Introduction 

Over decades, drug discovery has focused on developing drugs with 
selectivity to a single target [1,2]. Although, lots of single target selec-
tive drugs have been developed successfully, the progression of multi-
factorial diseases including cancers, neurodegenerative diseases, 
involved multiple signaling pathways [3,4]. Thus, there is an increasing 
interest in developing therapeutics that simultaneously address multiple 
targets. 

Lung cancer is by far the most deathly type of cancer among humans, 
making up among 26–28% of all cancer deaths [5]. Among lung cancers, 
non-small-cell lung carcinoma (NSCLC) accounts for the majority (80%) 
of all cancer cases [6]. Until now, NSCLC is being treated by surgery 
followed by chemotherapy with Tyrosine kinase inhibitors (TKIs) to 
inhibit EGFR, such as afatinib and gefitinib [7]. However, most of the 
patients develop TKI resistance within 9–13 months after treatment 
initiation [8]. Therefore, it is urgent to develop new and more effective 
therapeutics for treating NSCLC. 

Histone deacetylases (HDACs) are critical epigenetic modulators that 
remove acetyl groups from histone lysine residues [9]. HDACs comprise 
11 enzymes grouped into 4 classes (I, IIa, IIb, and IV) and 7 sirtuins (class 

III) according to their sequence homology and cellular localization [10]. 
Novel insight suggest a different HDAC classification into 6 groups ac-
cording to their substrate preference [11]. Dysregulation of HDACs was 
discovered among several types of cancer cells. Therefore, HDACs have 
been considered as potential therapeutic targets for the treatment of 
cancers [12]. HDAC inhibitors can avert tumor progression primarily by 
regulating gene expression [13]. For now, four hydroxamic acid-based 
HDAC inhibitors have been approved by the Food and Drug Adminis-
tration (FDA) for the treatment of lymphoma, and one o-aminoanilide- 
based HDAC inhibitor, tucidinostat, has been approved by the China 
Food and Drug Adminstration (CFDA) [14]. o-Aminoanilide-based in-
hibitors, such as tucidinostat, entinostat and tacedinaline (CI994), have 
shown potency to target class I HDACs selectively [15,16]. These o- 
aminoanilide-based class I HDAC inhibitors showed promising potency 
as multitargeting epigenetic agents [17,18], and in combination therapy 
for the treatment of cancer [19]. For example, entinostat synergistically 
induces growth inhibition and apoptosis in NSCLC cells in combination 
with gefitinib [20]. CI994 has been in phase III clinical trials by Pfizer in 
combination with Gemcitabine for the treatment of advanced NSCLC 
[16,21,22]. Importantly, the 2-aminoanilide type of HDAC inhibitors 
have less general cytotoxicity compared to the hydroxamic acid-based 
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HDAC inhibitors, which provides opportunities for a more targeted 
interference with proliferation of cancer cells. Considering this we 
anticipate that o-aminoanilide-based HDAC inhibitors have potential for 
treatment of NSCLC. 

Macrophage migration inhibitory factor (MIF) is a pro-inflammatory 
cytokine, which was firstly discovered to carry out important functions 
as a mediator of the innate immune system [23]. Recent evidence 
demonstrated that MIF is also involved in carcinogenesis [24], tumor 
cell proliferation and invasion [25] and tumor-induced angiogenesis 
[26]. It is reported that inhibition of MIF could significantly decrease 
proliferation of cancer cells [27–29]. MIF interacts with several cellular 
receptors, such as CXCR7 and CD74 [30,31], which regulate cell pro-
liferation in cancer cells. For example, the MIF-CXCR7 axis influences 
the AKT signaling pathway [32], and thus affects the proliferation of 
cancer cells. Hence, it would be interesting to develop small molecules 
to simultaneously inhibit HDAC and MIF as a potential therapeutic 
strategy for the treatment of NSCLC. 

A key pharmacophore for MIF binding is a phenolic hydroxyl group, 
which provides a convenient handle for inhibitor design, despite its 
limited utility in pre-clinical drug discovery due to metabolic conversion 
[33]. The general pharmacophore of HDAC inhibitors consists of a hy-
drophobic cap group, a linker, and a zinc-binding group (ZBG, 
hydroxamic acid or o-aminoanilide). The ZBG is the essential group for 
HDAC inhibition, because it coordinates to the catalytic Zn2+ ion in the 
active site of the enzyme. Inspired by these features, a linked pharma-
cophore strategy would be an effective approach to design novel in-
hibitors against both targets and to test if dual inhibition provides 
enhanced effects. Thus, a novel HDAC/MIF dual inhibitor (6a) was 
designed (Fig. 1) and synthesized (Scheme 1). Subsequently, we inves-
tigated cell viability, apoptosis, and proliferation upon HDAC/MIF dual 
inhibitor treatment among several NSCLC cell lines. After examining the 
AKT pathway, we further applied a combination of afatinib and the 
HDAC/MIF dual inhibitor for a combination treatment of A549 cells. 

2. Results and discussion 

2.1. Chemistry 

The general methodology for the synthesis of compounds 6a and 5b 
is shown in Scheme 1. Nitrobenzoylchloride was coupled with com-
pound 1a or 1b to obtain amide 2a and 2b. Compounds 2a and 2b were 
reduced using palladium on carbon as catalyst under hydrogen atmo-
sphere to obtain 3a and 3b. Compounds 3a and 3b were coupled with 2- 
(4-nitrophenyl)acetic acid in a condensation reaction using EDCI and 
HOBt as reagents, followed by a reduction reaction using palladium on 
carbon as catalyst to obtain compounds 4a and 4b. Compounds 4a and 
4b were reacted with 5-((tert-butyldimethylsilyl)oxy)-2- 

hydroxybenzaldehyde or 2-hydroxybenzaldehyde by reductive amina-
tion using NaBH4. A subsequent cyclization reaction with CDI achieved 
compound 5a and 5b. Compound 5a was treated with trifluoroacetic 
acid for Boc-deprotection and/or tetra-n-butylammonium fluoride for 
TBS-deprotection to achieve final compound 6a, 6b and 6c. 

2.2. Biological study 

HDAC 1, 2 and 3 and MIF inhibition assays were performed to 
confirm the inhibitory effect of the HDAC/MIF dual inhibitor towards 
these targets. The IC50 values observed were in the same range as the 
respective IC50 values of the parent inhibitors 8 and CI994 (Table 1), 
whereas control compound 5b did not inhibit any of these targets. Also 
control compounds 6b and 6c showed the same potencies as their 
respective control compounds 8 and CI994 (Table S1). As a next step, we 
evaluated the histone acetylation levels in NSCLC cells upon treatment 
with the HDAC/MIF dual inhibitor. Toward this aim, the acetylation 
level of the HDAC substrate histone H3 lysine27 (H3K27) was investi-
gated in cells treated with the dual inhibitors. As shown in Fig. 2A, 
compound 6a induced an increase of H3K27 acetylation in H1650 cells, 
as well as combination treatment with the inhibitors CI994 and 8. We 
also investigated the influence of 6a on MIF-induced ERK phosphory-
lation in A549 cells. Toward this aim, A549 cells were stimulated with 
MIF or MIF incubated with different compounds, and subsequently, ERK 
phosphorylation was detected by Western blot. We found that com-
pound 6a attenuated MIF-induced ERK phosphorylation in A549 cells 
(Fig. 2B) at a concentration of 12.5 μM. In contrast, the control com-
pounds 8 and CI994 showed no significant effects on MIF-induced ERK 
phosphorylation, which is in line with our previous observation [33]. 
This indicated that the dual HDAC/MIF inhibitor 6a retained the 
inhibitory capacity of its parent pharmacophores. 

To examine the inhibitory effect of HDAC/MIF dual inhibitor in 
NSCLC cells, we performed the MTS assay in several NSCLC cell lines 
with 6a and its parent inhibitors for 48 h (Figs. 3 and S2). The results 
showed that the MIF inhibitor did not affect cell viability in these cell 
lines, while micromolar concentrations of CI994 inhibited cell viability 
of all the tested NSCLC cell lines. HDAC/MIF dual inhibitor showed 
micromolar antitumor potency against H1650 cells and A549 EGFR− /−

cells, inhibiting the H1650 cell viability for around 50% in the con-
centration of 12.5 μM, while it is 6.25 μM in A549 EGFR− /− cells. In 
these two cell lines, the HDAC/MIF dual inhibitor was more potent than 
CI994 and 8 used either alone or in combination. To further investigate 
the inhibition of cell proliferation by 6a, a control compound 5b was 
investigated in which both the HDAC ZBG group and the MIF binding 
phenolic alcohol was removed. As depicted in Table 1 and Figs. S3, 5b 
lost inhibitory activity to HDACs and MIF, as well as the cell toxicity for 
H1650 and A549 EGFR− /− cells, thus indicating that the pharmacophore 
features for HDAC and MIF inhibition contribute to the observed effects. 

We also observed that knocking out EGFR in H1650 cells and A549 
cells provides a change in potency for inhibition of cell viability upon 
treatment with the HDAC/MIF dual inhibitor. At a concentration of 12.5 
μM, the potency of compound 6a in H1650 EGFR− /− cells decreased in 
comparison to H1650 cells, whereas its potency for A549 EGFR− /− cells 
increased in comparison to A549 EGFR wild-type cells. This difference is 
remarkable and might relate to activation of different cell survival 
pathways upon EGFR ablation in both cell types. Knocking out EGFR in 
H1650 leads to increased HER2/HER3 expression, mediating over-
expression of cyclin D1 to contribute to cell survival [34]. In A549 cell 
lines, EGFR ablation induced higher expression of CXCR7, as well as an 
increased AKT expression level to compensate for EGFR loss [35]. MIF 
interacts with CXCR7, leading to the activation of AKT signaling 
pathway [32], which increases cell survival and proliferation. There-
fore, inhibition of MIF A549 EGFR− /− cells might affect the AKT 
signaling pathway, which renders these cells more vulnerable to 
concomitant inhibition of cell viability by HDAC inhibition. To validate 
whether MIF inhibition would affect the AKT signaling pathway, we Fig. 1. Design of HDAC/MIF dual inhibitor.  
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examined the protein expression level of AKT and pAKT using western 
blot analysis. This indicates that HDAC inhibition did not affect AKT or 
pAKT protein levels. However, inhibition of MIF downregulated the 
protein level of pAKT in H1650 cells, while it downregulated the AKT 
protein levels in A549 EGFR− /− cells. Our results confirm that MIF in-
hibition interferes with the AKT signaling pathway, which is connected 
to inhibition of cell survival. 

We further validated the HDAC inhibition and induction of cell 
apoptosis and anti-proliferation by flow cytometry analysis (Fig. 5A) 
and a colony formation assay (Fig. 5B). The MIF inhibitor 8 did not show 
significant potency on induction of cell apoptosis or anti-cell prolifera-
tion at 12.5 µM, whereas the HDAC inhibitor CI994 and the dual MIF/ 
HDAC inhibitor 6a induced apoptosis in H1650 and A549 EGFR− /− cells 
at 12.5 µM (Fig. 4A). As shown in Fig. 4B, the HDAC inhibitor CI994 
inhibited both H1650 and A549 EGFR− /− cell proliferation at 12.5 µM. A 
similar anti-proliferative effect was observed in combination treatment 
with 8 and CI994 and in treatment with the HDAC/MIF dual inhibitor 
6a. These results indicate that HDAC inhibition induced apoptosis and 
inhibited cell proliferation in H1650 and A549 EGFR− /− cells. 

Our results showed that HDAC inhibition suppressed cell survival 
and proliferation, while inhibition of MIF interfered with the AKT 
pathway, thus also influencing cell survival. This is in line with a model 

in which combined inhibition of HDACs and MIF has a stronger effect in 
cell viability as shown in Fig. 6. More interestingly, the dual HDAC/MIF 
inhibitor 6a showed more potency in EGFR mutated (H1650, TKI- 
resistant) or knock out (A549 EGFR− /− ) NSCLC cell lines. This indi-
cated that the HDAC/MIF dual-inhibitor might be a promising anti- 
cancer agent for overcoming the TKI-resistance in NSCLC cells or for 
combination therapy in TKI treatment with TKI’s such as afatinib. 
Therefore, combined EGFR wild type A549 cells were treated with 
afatinib and with the combination afatinib and HDAC/MIF inhibitor 6a, 
which showed enhanced cytotoxicity in combined treatment (Fig. 7). 
This result shows that combination of the HDAC/MIF dual inhibitor with 
TKI treatment provides opportunities to enhance the effect of TKI 
treatment. 

3. Conclusion 

In this study, we designed and synthesized a molecule in which the 
pharmacophores of a HDAC and a MIF inhibitor were linked to provide a 
multitarget-directed ligand. The inhibitor retained the inhibitory prop-
erties for both HDAC and MIF inhibition to give a HDAC/MIF dual in-
hibitor that showed a better potency in cell toxicity in H1650 (EGFR 
mutated, TKI-resistant) and EGFR knock out A549 cell lines. Further 
cell-based studies showed that inhibition of HDAC activity contributed 
to inhibition of cell survival and proliferation, while MIF inhibition 
downregulated pAKT or AKT expression level, thus also interfering with 
cell survival. Interference with the AKT signaling pathway indicates the 
HDAC/MIF dual inhibitor holds promise for application in TKI-resistant 
NSCLC cell lines or in TKI combination therapy. Combination treatment 
with afatinib showed that the HDAC/MIF dual inhibitor increased afa-
tinib inhibitory efficacy in EGFR wild type A549 cells. Taken together, 
our work showed the potential of dual inhibition of HDAC and MIF as 
drug targets for the treatment of NSCLC. 

Scheme 1. Synthetic route to compounds 5b and 6a. Reagents and conditions: a) nitrobenzoylchloride, TEA, THF, r.t. 18 h; b) Pd/ C, H2, EtOH, r.t., 18 h; c) 2-(4- 
nitrophenyl)acetic acid, EDCI, HOBt, TEA, DCM, r.t. overnight; d) 5-((tert-butyldimethylsilyl)oxy)-2-hydroxybenzaldehyde or 2-hydroxybenzaldehyde, NaBH4, EtOH, 
r.t. 4 h; e) CDI, DCM, r.t. overnight; f) TFA, DCM, r.t., 5 h; g) TBAF, THF, r.t. overnight. 

Table 1 
IC50 values of compound 8, CI994, 6a and 5b for MIF, HDAC 1, HDAC 2 and 
HDAC 3. Data are presented as mean values (in µM) ± SD.   

MIF(µM) HDAC 1(µM) HDAC 2(µM) HDAC 3(µM) 

8 0.15 ± 0.01 >100 >100 >100 
CI994 >100 0.1 ± 0.01 0.8 ± 0.1 0.2 ± 0.02 
6a 0.18 ± 0.01 0.2 ± 0.05 1.1 ± 0.3 0.6 ± 0.07 
5b >100 >100 >100 >100  

Fig. 2. A) Analysis of acetylation level of lysine 27 on histone H3 upon CI994, 8 and 6a treatment of H1650 for 48 h using western blot. B) Inhibition of MIF-induced 
ERK phosphorylation in A549 cells. A representative result of the Western blot experiment. C) ImageJ quantification of the pERK level using the pERK/GAPDH ratio. 
Data are shown as mean ± SD of four independent experiments. **p < 0.01 and *** p < 0.001 compared with indicated group. 
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4. Experimental section 

4.1. Chemistry 

The solvents and reagents were purchased from Sigma-Aldrich, 
Acros chemicals or abcr GmbH without further purification. Reactions 
were monitored by thin layer chromatography (TLC). Merck silica gel 60 
F254 plates were used, and spots were detected under UV light or after 
staining with potassium permanganate for the non UV-active com-
pounds. MP Ecochrom silica 32–63, 60 Å was used for flash column 
chromatography. 1H NMR (500 MHz) and 13C NMR (126 MHz) spectra 

were recorded with a Bruker Avance 4-channel NMR Spectrometer with 
TXI probe. Chemical shifts were referenced to the residual proton and 
carbon signal of the deuterated solvent CDCl3: δ = 7.26 ppm (1H) and 
77.05 ppm (13C), (CD3)2SO: δ = 2.50 ppm (1H) and 39.52 ppm (13C), 
CD3OD: δ = 3.31 ppm (1H) and 49.00 ppm (13C). The following abbre-
viations were used for spin multiplicity: s = singlet, br. s = broad singlet, 
d = doublet, t = triplet, q = quartet, p = quintet, dd = double of dou-
blets, ddd = double of doublet of doublets, m = multiplet. 

4.1.1. tert-butyl (2-(4-aminobenzamido)phenyl)carbamate (3a) 
A mixture of 4-nitrobenzoyl chloride (1.1 g, 6.1 mmol, 1.0 eq), tert- 

Fig. 3. Treatment of different NSCLC cell lines A) H1650, B) H1650 EGFR− /− , C) A549, D) A549 EGFR− /− with CI994, 8 alone or combination and 6a. Cells were 
treated with drugs at indicated concentrations for 48 h and cell viability was determined with an MTS assay. Data shown is represented as mean values ± SD of 3 
independent experiments. *** p < 0.001 compared with indicated group. ** p < 0.01 compared with indicated group. 

Fig. 4. (A) Analysis of p-AKT and AKT expression 
level upon CI994, 8 and 6a treatment of H1650 
for 48 h using western blot. (B) The bands of 
Fig. 4A were quantified using Image J and 
plotted. Average and standard deviations of 2 
independent experiments are plotted as fold of 
the untreated control. (C) Analysis of p-AKT and 
AKT expression level upon CI994, 8 and 6a 
treatment of A549 EGFR− /− cells for 48 h using 
western blot. (D) The bands of Fig. 4C were 
quantified using Image J and plotted. Average 
and standard deviations of 2 independent exper-
iments are plotted as fold of the untreated 
control.   
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butyl (2- (4-nitrobenzamido) phenyl) carbamate (1.3 g, 6.1 mmol, 1.0 
eq) and triethylamine (TEA) (0.7 mL, 18 mmol, 3.0 eq) in THF (10.0 mL) 
was stirred at room temperature for 18 h. The reaction mixture was 
washed with saturated NaHCO3 (15 mL) and extracted with ethyl ace-
tate (15 mL × 3). Afterwards, the organic layers were combined, dried 
over MgSO4, and concentrated under reduced pressure to obtain a yel-
low solid. The yellow solid was dissolved in EtOH (25 mL). Pd/C (0.1 eq) 
was added, and the mixture was stirred overnight at room temperature 
under H2 atmosphere. Then the resulting mixture was filtered over 
Celite and evaporated under reduced pressure to obtain the product as a 
white solid in a yield of 90% over two reaction steps. 1H NMR (500 MHz, 
Chloroform-d) δ 9.14 (s, 1H), 8.11 (d, J = 9.3, 4.2 Hz, 2H), 7.99 (d, J =
6.8 Hz, 2H), 7.65–7.56 (m, 1H), 7.53–7.42 (m, 2H), 7.04–6.97 (m, 2H), 
4.35 (s, 2H), 1.83 (s, 9H). 

4.1.2. tert-butyl (2-(4-(2-(4-aminophenyl)acetamido)benzamido)phenyl) 
carbamate (4a) 

2-(4-Nitrophenyl) acetic acid (0.18 g, 1.0 mmol, 1.0 eq) was first 
dissolved in CH2Cl2 (5 mL). Then 1-Ethyl-3- (3-dimethylaminopropyl) 
carbodiimide (EDCI) (0.23 mg, 2.0 mmol, 2.0 eq) and 1-hydroxybenzo-
triazole (HOBt) (0.027 g, 0.2 mmol, 0.2 eq) were added. This mixture 

was stirred for 5 min. Afterwards, compound 3a (0.33 mg, 1 mmol, 1.0 
eq) was added and stirred at room temperature overnight. Subsequently, 
the organic layer was washed with water (10 mL × 2) and brine (10 mL). 
The solvent was removed under reduced pressure to obtain white solid. 
Then, the white solid was dissolved in EtOH, subsequently adding Pd/C 
(0.1 eq) and stirred overnight at room temperature under H2 atmo-
sphere. Then the residue was filtered with Celite, followed by column 
chromatography purification using CH2Cl2: MeOH 80: 1(v/v) to obtain 
yellow solid with a yield of 22.8% for two steps. 1H NMR (500 MHz, 
Chloroform-d) δ 9.14 (s, 1H), 7.87 (d, J = 8.4 Hz, 2H), 7.74 (d, J = 7.9 

Fig. 5. Effects of the treatment with 
CI994, 8 and 6a in H1650 and A549 
EGFR− /− cells. A) Flow cytometric 
analysis of H1650 or A549 EGFR− /− cell 
apoptosis with CI994, 8, and 6a treat-
ment at the concentration of 12.5 µM. 
After 48 h treatment, the apoptotic cells 
were detected using Violet Ratiometric 
Membrane Asymmetry Probe. Data 
shown is represented as mean values ±
SD of 2–3 independent experiments. *** 
p < 0.001 compared to vehicle treated 
cells. ** p < 0.01 compared to vehicle- 
treated cells. * p < 0.05 compared to 
vehicle-treated cells. B) Proliferation 
analysis of H1650 or A549 EGFR− /−

cells with CI994, 8, and 6a treatment at 
the concentration of 12.5 µM. Data 
shown is represented as mean values ±
SD of 3 independent experiments. *** p 
< 0.001 compared to vehicle treated 
cells. (For interpretation of the refer-
ences to colour in this figure legend, the 
reader is referred to the web version of 
this article.)   

Fig. 6. HDAC inhibition suppresses cell survival and proliferation, while MIF 
inhibition downregulates AKT pathway, further influencing cell survival and 
proliferation. 

Fig. 7. Combination treatment of A549 cells with afatinib and HDAC/MIF in-
hibitor 6a. Cells were treated with afatinib at indicated concentrations. In the 
combination treatment, cells were treated with afatinib at indicated concen-
trations together with 6a at a concentration of 12.5 µM. After 48 h treatment, 
cell viability was determined with an MTS assay. Data shown is represented as 
mean values ± SD of 3 independent experiments. *** p < 0.001 compared with 
indicated group. 
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Hz, 1H), 7.50 (d, J = 8.4 Hz, 2H), 7.39 (s, 1H), 7.25 (d, J = 8.7 Hz, 1H), 
7.20 (t, J = 7.6 Hz, 1H), 7.14 (t, J = 7.6 Hz, 1H), 7.10 (d, J = 8.0 Hz, 2H), 
6.86 (s, 1H), 6.72 (d, J = 7.7 Hz, 2H), 4.07 (s, 2H), 3.63 (s, 2H), 1.50 (s, 
9H). 

4.1.3. tert-Butyl (2-(4-(2-(4-(7-((tert-butyldimethylsilyl)oxy)-2-oxo-2H- 
benzo[e][1,3]oxazin-3(4H)-yl)phenyl)acetamido)benzamido)phenyl) 
carbamate (5a) 

Compound 5a was obtained by following the synthetic steps 
mentioned in our previous paper using 4a as starting material [33]. 5a 
was obtained as white powder, yield 46%. 1H NMR (500 MHz, 
DMSO‑d6) δ 10.51 (s, 1H), 9.76 (s, 1H), 8.68 (s, 1H), 7.98 – 7.90 (m, 2H), 
7.81 – 7.73 (m, 2H), 7.54 (ddd, J = 13.4, 7.9, 1.7 Hz, 2H), 7.45 – 7.40 
(m, 4H), 7.26 – 7.11 (m, 3H), 6.71 (dd, J = 8.2, 2.4 Hz, 1H), 6.61 (d, J =
2.4 Hz, 1H), 4.83 (s, 2H), 3.74 (s, 2H), 2.57 – 2.47 (m, 8H), 1.46 (s, 9H), 
0.97 (s, 9H), 0.22 (s, 6H). 13C NMR (126 MHz, DMSO) δ 169.44, 164.68, 
157.83, 153.50, 150.05, 149.56, 142.35, 140.67, 134.22, 131.61, 
129.94, 129.77, 129.71, 128.85, 128.57, 128.46, 126.94, 126.60, 
125.88, 125.48, 124.17, 119.57, 118.34, 108.88, 79.67, 49.43, 28.07, 
27.98, 25.80, 17.78, − 3.18. 

4.1.4. N-(2-aminophenyl)-4-(2-(4-(7-hydroxy-2-oxo-2H-benzo[e][1,3] 
oxazin-3(4H)-yl)phenyl)acetamido)benzamide (6a) 

Compound 4a (0.18 g, 0.39 mmol, 1.0 eq) was added to a solution of 
4-((tert-butyldimethylsilyl)oxy)-2-hydroxybenzaldehyde (0.11 g, 0.429 
mmol, 1.1 eq) in EtOH (6 mL). The resulting mixture was stirred for 1.5 h 
at room temperature. Next, NaBH4 (0.044 mg, 1.2 mmol, 3.0 eq) was 
added in portions. The mixture was stirred at room temperature for 3 h 
The resulting mixture was diluted into brine (30 mL) followed by 
washing with EtOAc (30 mL × 3). The organic solvent was collected and 
evaporated under reduced pressure. The remaining product was dis-
solved into EtOAc (10 mL) and carbonyldiimidazole (0.016 mg, 0.98 
mmol, 2.5 eq) was added and refluxed overnight. Then the mixture was 
washed with 1 N HCl solution (10 mL), saturated NaHCO3 solution (10 
mL), and brine (10 mL), dried over MgSO4 and concentrated under 
reduced pressure to obtain yellow solid. The yellow solid was dissolved 
in CH2Cl2. Trifluoroacetic acid (45 μL, 0.6 mmol, 1.5 eq) was added 
dropwise into the solution. The reaction was stirred at room temperature 
for 1.5 h. Afterwards, the solvent was removed under reduced pressure. 
The residue was re-dissolved in THF (6.0 mL). Tetrabutylammonium 
fluoride hydrate (TBAF) (0.15 g, 0.6 mmol, 1.5 eq) was added. The 
suspension was stirred at room temperature for 1 h. The reaction 
mixture was diluted with CH2Cl2 (10 mL) and the organic phase was 
washed with brine (10 mL × 3), dried over MgSO4, filtrated and 
concentrated under reduced pressure. The product was purified by 
column chromatography using CH2Cl2/MeOH 80: 1(v/v) as eluent to 
provide the pure product as a pale yellow powder in an overall yield of 
19%.1H NMR (500 MHz, Methanol‑d4) δ 7.99 (d, J = 8.4 Hz, 2H), 7.75 
(d, J = 8.5 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 
7.36 – 7.21 (m, 4H), 7.03 (d, J = 8.4 Hz, 1H), 6.61 (dd, J = 8.3, 2.4 Hz, 
1H), 6.48 (d, J = 2.3 Hz, 1H), 4.77 (s, 2H), 3.75 (s, 2H). 13C NMR (126 
MHz, DMSO) δ 169.46, 164.84, 157.81, 150.08, 149.61, 142.10, 140.69, 
134.31, 129.80, 128.84, 128.61, 126.76, 126.68, 126.62, 126.51, 
125.48, 119.75, 118.43, 118.30, 118.21, 111.65, 108.90, 102.16, 49.47, 
42.82. HRMS calculated for C29H25N4O5 [M+H]+: 509.1819, found 
509.1817. 

4.1.5. 4-(2-(4-aminophenyl)acetamido)-N-phenylbenzamide (4b) 
4-Nitrophenylacetic acid (720 mg, 4.0 mmol, 1.0 eq) was added into 

a mixture of CH2Cl2 (4 mL) and SOCl2 (4 mL), followed by 4 h refluxing. 
Afterwards, the residual solvent and acid was evaporated under reduced 
pressure. The remaining oil-like mixture was dissolved in CH2Cl2 and 4- 
amino-N-phenylbenzamide (730 mg, 3.5 mmol, 1.0 eq) was added. A 
precipitate was formed and isolated by filtration and washed with 
CH2Cl2 (20 mL) and water (20 mL) to provide the product as a yellow 
solid. The yellow solid was dissolved in ethanol (20 mL). Then Pd/C (40 

mg) was added. The suspension was charged with H2 and stirred at room 
temperature overnight. The resulting mixture was filtrated with Celite 
and purified using chromatography with CH2Cl2:MeOH 50:1 (v/v). The 
product was obtained as pale yellow solid with yield of 34% for two 
steps. 1H NMR (500 MHz, DMSO‑d6) δ 10.29 (s, 1H), 10.10 (s, 1H), 7.92 
(d, J = 8.7 Hz, 2H), 7.74 (dd, J = 15.5, 8.2 Hz, 4H), 7.36 – 7.31 (m, 2H), 
7.08 (t, J = 7.4 Hz, 1H), 6.99 (d, J = 8.3 Hz, 2H), 6.52 (d, J = 8.4 Hz, 
2H), 4.94 (s, 2H), 3.46 (s, 2H). 13C NMR (126 MHz, DMSO) δ 170.90, 
165.32, 147.79, 142.81, 139.75, 130.01, 129.51, 129.03, 123.94, 
122.94, 120.90, 120.68, 118.58, 114.41, 43.19. MS calculated for 
C21H19N3O2Na [M + Na]+: 368.14, found 368.37. 

4.1.6. 4-(2-(4-(2-oxo-2H-benzo[e][1,3]oxazin-3(4H)-yl)phenyl) 
acetamido)-N-phenylbenzamide (5b) 

Compound 4b (0.04 g, 0.1 mmol, 1.0 eq) was reacted with 2-Hydrox-
ybenzaldehyde (30 µL, 0.2 mmol, 2.0 eq) in DMSO (2 mL) at room 
temperature for 2 h. Next, NaBH4 (0.01 g. 0.25 mmol, 2.5 eq) was added 
and stirred for 1 h. The resulting mixture was diluted into brine (30 mL) 
followed by wash with EtOAc (30 mL × 3). The organic solvent was 
collected and evaporated under reduced pressure. The remaining 
product was dissolved into EtOAc (10 mL) and carbonyldiimidazole 
(0.05 mg, 0.3 mmol, 3.0 eq) was added and refluxed overnight. The 
resulting mixture was purified with chromatography and product was 
obtained with CH2Cl2:MeOH 60:1 (v/v) as 35 mg white solid, yield 
73%.1H NMR (500 MHz, DMSO‑d6) δ 10.48 (s, 1H), 10.11 (s, 1H), 7.96 
(d, J = 8.7 Hz, 2H), 7.77 (t, J = 8.5 Hz, 4H), 7.44 (d, J = 2.2 Hz, 4H), 
7.36 (q, J = 7.3 Hz, 3H), 7.31 (d, J = 6.8 Hz, 1H), 7.20 (t, J = 7.5 Hz, 
1H), 7.14 (d, J = 8.0 Hz, 1H), 7.10 (t, J = 7.4 Hz, 1H), 4.92 (s, 2H), 3.75 
(s, 2H). 13C NMR (126 MHz, DMSO) δ 169.86, 165.32, 150.04, 149.88, 
142.58, 141.01, 139.75, 134.82, 130.25, 129.78, 129.30, 129.03, 
126.49, 125.94, 124.75, 123.96, 120.93, 120.76, 119.41, 118.77, 
115.99, 50.19, 43.29. MS calculated for C29H23N3O4Na [M+Na]+: 
500.16, found 500.42. 

4.1.7. tert-butyl(2-(4-(2-(4-(7-hydroxy-2-oxo-2H-benzo[e][1,3]oxazin-3 
(4H)-yl)phenyl)acetamido)benzamido)phenyl)carbamate (6b) 

Compound 5a (0.18 g, 0.23 mmol, 1.0 eq) was dissolved in THF (1 
mL). Tetrabutylammonium fluoride hydrate (TBAF) (0.09 g, 0.35 mmol, 
1.5 eq) was added. The suspension was stirred at room temperature for 
1 h. The reaction mixture was diluted with CH2Cl2 (10 mL) and the 
organic phase was washed with brine (10 mL × 3), dried over MgSO4, 
filtrated and concentrated under reduced pressure. The product was 
purified by column chromatography using CH2Cl2/MeOH 80: 1(v/v) as 
eluent to provide the pure product as a pale yellow powder in an overall 
yield of 76%. 1H NMR (500 MHz, DMSO‑d6) δ 10.51 (s, 1H), 9.78 (d, J =
15.3 Hz, 2H), 8.68 (s, 1H), 7.94 (d, J = 7.8 Hz, 2H), 7.77 (d, J = 7.9 Hz, 
2H), 7.58 – 7.49 (m, 2H), 7.42 (s, 4H), 7.18 (dd, J = 13.7, 7.8 Hz, 2H), 
7.08 (d, J = 8.1 Hz, 1H), 6.61 (d, J = 7.5 Hz, 1H), 6.50 (s, 1H), 4.78 (s, 
2H), 3.74 (s, 2H), 1.46 (s, 9H). 13C NMR (126 MHz, DMSO) δ 169.44, 
164.69, 157.83, 153.50, 150.06, 149.57, 142.36, 140.67, 134.23, 
131.62, 129.94, 129.78, 129.73, 128.57, 128.47, 126.59, 125.48, 
125.41, 124.16, 118.51, 118.32, 111.73, 111.58, 108.88, 102.24, 
102.08, 79.67, 49.44, 42.78, 28.09, 27.96. 

4.1.8. tert-butyl (2-(4-(2-(4-(7-hydroxy-2-oxo-2H-benzo[e][1,3]oxazin- 
3(4H)-yl)phenyl)acetamido)benzamido)phenyl)carbamate (6c) 

Compound 5a (0.06 g, 0.08 mmol, 1.0 eq) was dissolved in CH2Cl2 
(1 mL). Trifluoroacetic acid (15 μL, 0.2 mmol, 2 eq) was added dropwise 
into the solution. The reaction was stirred at room temperature for 1.5 h. 
Afterwards, the solvent was removed under reduced pressure. The 
product was purified by column chromatography using CH2Cl2/MeOH 
80: 1(v/v) as eluent to provide the pure product as a white powder in an 
overall yield of 90%. 1H NMR (500 MHz, DMSO‑d6) δ 10.55 (s, 1H), 
10.07 (s, 1H), 7.99 (d, J = 8.6 Hz, 2H), 7.77 (d, J = 8.6 Hz, 2H), 7.42 (m, 
4H), 7.35 (d, J = 7.8 Hz, 1H), 7.18 (m, 3H), 7.10 – 7.06 (m, 1H), 6.69 
(dd, J = 8.3, 2.2 Hz, 1H), 6.59 (d, J = 2.2 Hz, 1H), 4.82 (s, 2H), 3.74 (s, 
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2H), 0.96 (s, 9H), 0.21 (s, 6H). 13C NMR (126 MHz, DMSO) δ 169.46, 
165.13, 158.43, 158.15, 157.88, 155.42, 150.01, 149.35, 142.38, 
140.60, 134.35, 129.80, 128.95, 128.27, 126.80, 126.65, 125.51, 
120.70, 118.26, 116.10, 114.84, 111.74, 107.01, 49.48, 42.80, 25.57, 
17.99, − 4.57. 

4.2. MIF inhibition study 

The protocol for measuring inhibition of MIF tautomerase enzyme 
activity and enzyme kinetics was adapted from our previous protocol 
[33]. 180 µL of a 500 nM MIF solution in boric acid buffer (435 mM, pH 
6.2) was mixed with 10 µL of a 20 mM EDTA solution in demineralized 
water and 10 µL of a solution of the desired compound dissolved in 
DMSO or blanc DMSO. This mixture was pre-incubated at room tem-
perature for 10 min. Next, 50 µL of this mixture was mixed with 50 µL of 
a 1 mM 4-HPP solution in ammonium acetate buffer (50 mM, pH 6.0). 
Subsequently, MIF tautomerase activity was monitored by measuring 
the increase of UV absorbance at 306 nm over time. MIF tautomerase 
activity in the presence a blank DMSO dilution was set to 100% enzyme 
activity. Non-catalyzed conversion of the substrate in absence of MIF 
was set to 0%. Data from the first three minutes were used to calculate 
the initial velocities. All experiments were repeated three times and 
calculations were performed with the program GraphPad Prism. 

4.3. HDAC inhibition study 

Black 96-well flat-bottom microplates (Corning® Costar®, Corning 
Incorporated, NY) were used. Human recombinant C-terminal FLAG-tag, 
C-terminal His-tag HDAC1 (BPS Bioscience, Catalog #: 50051), Human 
recombinant C-terminal FLAG-tag HDAC2 (BPS Bioscience, Catalog #: 
50052) or human recombinant C-terminal His-tag HDAC3/NcoR2 (BPS 
Bioscience, Catalog #: 50003) were diluted in incubation buffer (25 mM 
Tris-HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.01% 
Triton-X and 1 mg/mL BSA). 40 µL of this dilution was incubated with 
10 µL of different concentrations of inhibitors in 10% DMSO/incubation 
buffer and 50 µL of the fluorogenic Boc-Lys(ε-Ac)-AMC (20 mM, 
Bachem, Germany) at 37 ◦C. After 90 min incubation time 50 µL of the 
stop solution (25 mM Tris-HCl (pH 8), 137 mM NaCl, 2.7 mM KCl, 1 mM 
MgCl2, 0.01% Triton-X, 6.0 mg/mL trypsin (porcine pancreas Type IX-S, 
lyophilized powder, 13,000–20,000 BAEE units/mg protein, Sigma- 
Aldrich) and 200 µM vorinostat) was added. After a following incuba-
tion at 37 ◦C for 30 min, the fluorescence was measured on a Synergy H1 
Platereader (BioTek, USA) with a gain of 70, an excitation wavelength of 
370 nm and an emission wavelength of 460 nm. GraphPad Prism 5.0 
(GraphPad Software, Inc.) was used for the determination of the IC50 of 
each inhibitor. Nonlinear regression was used for data fitting. 

4.4. Cell culture 

A549 (wild-type EGFR, mutant KRAS) was purchased from ATCC. 
H1650 (mutant EGFR, wild-type KRAS) and H1299 (wild-type EGFR, 
wild-type KRAS) cell lines were kindly provided by Dr. Klaas Kok 
(Department of Genetics, University Medical Center Groningen, Gro-
ningen, The Netherlands). The HCC827 (mutant EGFR, wild-type KRAS) 
cell line was a gift from Dr. Martin Pool (Department of Medical 
Oncology, University Medical Center Groningen, Groningen, The 
Netherlands). The EGFR− /− cell lines (A549 EGFR− /− , H1299 EGFR− /−

and H1650 EGFR− /− ) were generated by CRIPR/Cas9, as described [35]. 
The cells cultured in RPMI-1640 containing 1% penicillin/streptomycin 
supplemented with 10% fetal bovine serum (FBS) (Costar Europe, 
Badhoevedorp, The Netherlands) at 37 ◦C with 5% CO2. 

4.5. Cell viability 

Cell viability was measured using the MTS assay. Cells were seeded 
in flat bottom 96-well plates at a density of 2 × 103 cells per well. After 

24 h, cells were treated with appropriate drugs at different doses for 
another 48 h. Subsequently, CellTiter 96 Aqueous One Solution re- agent 
(Promega, Madison, USA) was added to each well, according to manu-
facturer’s instruction. Plates were incubated at 37 ◦C for 1 h. The optical 
density (OD) was determined at 490 mm wavelength using a Synergy H1 
plate reader (BioTek, Winooski, USA). 

4.6. Cell proliferation 

The colony formation assay was used to determine cell proliferation. 
Cells were seeded in 6-well plates at a density of 1 × 104 cells per well 
and were allowed to grow for 7–14 days. Subsequently, cells were fixed 
with 4% (v/v) paraformaldehyde for 20 min at room temperature (RT) 
in the dark. After washing with phosphate-buffered saline (PBS), cells 
were stained with 0.5% (w/v) crystal violet for 15 min. Then, cells were 
washed three times with demineralized water and plates were dried at 
room temperature. Crystal violet was eluted by 10% (v/v) acetic acid 
and OD was measured at 590 mm wavelength using a Synergy H1 plate 
reader. 

4.7. Apoptotic Assay 

The 3 × 105 cells were seeded in 2 mL medium in 6-well plates 24 h 
prior to the treatment. The next day, cells were treated with drugs for 48 
h. After treatment, cells were collected and washed with PBS twice. Cell 
pellets were resuspended in 200 µL PBS containing reagent A and B from 
cell apoptotic kit (Violet Ratiometric Membrane Asymmetry Probe/ 
Dead cell Apoptotic Kit) bought from Thermofisher Scientific (Waltham, 
MA, USA). Cells were measured and analyzed by LSR-II (BD Bioscience, 
Franklin Lakes, NJ, USA). 

4.8. Western blot analysis 

Cells were washed twice with ice-cold PBS and subsequently lysed in 
ice-cold lysis buffer (25 mM Hepes, 5 mM MgCl2, 5 mM EDTA, 0.5% 
Triton X-100 and protease inhibitors (#88266; Thermo Scientific, 
Rockford, IL, USA)). Protein concentrations were determined by a Pierce 
BCA Protein Assay Kit (Thermo Fisher Scientific, USA) according to the 
manufacturer’s protocol. Samples were separated by NuPAGETM 
4–12% Bis-Tris gel (Invitrogen, Carlsbad, Canada), and transferred with 
a Trans-Blot Electrophoretic Transfer system (Bio-Rad Laboratories) 
onto a polyvinylidene difluoride membrane (PVDF; Bio-Rad Labora-
tories). The membrane was blocked at room temperature for 1 h in PBS/ 
0.1% Tween 20 (Sig-ma-Aldrich; solution referred to as PBST) contain-
ing 5% skimmed milk (Campina, Friesland, The Netherlands) and sub-
sequently incubated overnight at 4oC with the appropriate primary 
antibody in 5% BSA (Sigma-Aldrich) or 5% skimmed milk in PBST. The 
following primary antibodies and dilutions were used: pAKT (1:1000), 
AKT (1:1000), Erk(1:1000), pErk(1:1000), GAPDH(1: 5000) and β-actin 
(1:10000); all from CellSignaling, Leiden, The Netherlands. Membranes 
were washed in PBST and incubated at room temperature for 1 h with 
peroxidase-conjugated secondary antibodies. The goat anti-rabbit IgG/ 
HRP (1:2000; DakoCytomation, Glostrup, Denmark) secondary anti-
bodies was used. The bands were visualized using the VisiGlo™ Prime 
HRP Chemilumi-nescenct Substrate Kit (AMRESCO,Solon, OH, USA). 
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