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Genetic and epigenetic regulation as well as immune surveillance are known defense mechanisms to protect
organisms from developing cancer. Based on experimental evidence, we proposed that small metabolically active
molecules accumulating in cancer cells may play a role in an alternative antitumor surveillance system.
Previously, we reported that treatment with a mixture of experimentally selected small molecules, usually found
in the serum (defined ‘active mixture’, AM), selectively induces apoptosis in cancer cells and significantly inhibits tumor formation in vivo. In this study, we show that the AM elicits gene expression changes characteristic
of endoplasmic reticulum (ER) stress in HeLa, MCF-7, PC-3 and Caco-2 cancer cells, but not in primary human
renal epithelial cells. The activation of the ER stress pathway was confirmed by the upregulation of ATF3, ATF4,
CHAC1, DDIT3 and GDF15 proteins. Mechanistically, our investigation revealed that eIF2α, PERK and IRE1α are
phosphorylated upon treatment with the AM, linking the induction of ER stress to the antiproliferative and
proapoptotic effects of the AM previously demonstrated. Inhibition of ER stress in combination with BBC3 and
PMAIP1 knockdown completely abrogated the effect of the AM. Moreover, we also demonstrated that the AM
induces mIR-3189-3p, which in turn enhances the expression of ATF3 and DDIT3, thus representing a possible
new feedback mechanism in the regulation of ATF3 and DDIT3 during ER stress. Our results highlight small
molecules as attractive anticancer agents and warrant further evaluation of the AM in cancer therapy, either
alone or in combination with other ER stress inducing agents.

1. Introduction
All complex organisms apply various mechanisms to reduce the
probability of cancer development. On the basis of epidemiological and

experimental evidences we have hypothesized that in addition to the
apparatus of intracellular, genetic, epigenetic and immune surveillance
an additional defense mechanism might operate to prevent the development of tumors [1]. We have focused on small substances (amino
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Fig. 1. The AM16 induces large scale gene
expression changes in HeLa cells. (A) Venn
diagram indicating the number of upregulated
genes (fold-change vs. control ≥ 1.3) after 3 h,
6 h, and 24 h treatments with AM16. (B) Venn
diagram indicating the number of downregulated genes (fold-change vs. control ≥
-1.3) after 3 h, 6 h, and 24 h treatments with
AM16.

acids, monosaccharides, nucleobases, etc.) which are present in the
serum and many of which are differentially taken up by tumor and
normal cells [2–4]. The accumulation of glucose and certain amino
acids in cancer cells is utilized in positron emission tomography [5],
and amino acid or vitamin accumulation based targeting strategies has
been reported [6,7]. During the last two decades it became evident that
the regulation of cellular metabolism and cell proliferation, apoptosis,
autophagy, ER stress, or other cell fate determining signaling cascades
are closely interconnected [8,9]. We assumed that in addition to their
established roles in metabolism, some of the accumulated substances
might participate in a defense system capable of killing emerging
cancer cells. In our earlier studies we have experimentally selected
some molecules present in the serum whose mixture (“active mixture”,
AM) produced a selective in vitro and in vivo toxic effect on various
tumor cell lines, but not on normal cells [10,11]. The AM is composed
of certain essential amino acids, vitamins, nucleobases and metabolic
intermediates: L-arginine, L-histidine, L-methionine, L-phenylalanine, Ltryptophan, L-tyrosine, L-ascorbic acid, D-biotin, pyridoxine (−)-riboflavin, adenine, 2-deoxy-D-ribose, hippuric acid, L-(−)-malic acid, D(+)-mannose, and orotic acid. We have demonstrated earlier that the
AM selectively induces apoptosis of cancer cells [12,13]. In addition,
we have shown that the combination of the AM with various cytostatic
agents or irradiation produces an increased in vitro cytotoxic effect
[14]. Previously we have also provided evidence that the AM has a
significant tumor inhibitory effect in both murine and human xenograft
tumor models and increases the in vivo antitumor activity of cytostatic
agents [15]. In addition to our results Bonfili et al. reported that mixtures of essential amino acids also induce apoptosis in a cancer specific
manner, and showed that proteasome inhibition and induction of autophagy plays a role in this process [16]. Our earlier mechanistic studies of the AM identified the mitochondrial pathway of apoptosis induction, which was accompanied by the upregulation of genes
contributing to apoptosis induction and cell cycle arrest (PMAIP1,
BBC3, CDKN1A) [15], however the signaling events leading to the initiation of apoptosis were not known.
Accumulation of unfolded proteins in the ER due to various environmental stresses (ER stress) initiates a signaling cascade known as
the unfolded protein response (UPR) [17]. The UPR could be initiated
by three ER resident signal transducers EIF2AK3 (also known as PERK),
ERN1 (also known as IRE1α) and ATF6 [17]. Upon activation of the
UPR PERK phosphorylates the translation initiation factor EIF2S1 (also
known as eIF2α), causing the global attenuation of translation accompanied by the preferential translation of certain upstream open reading
frame containing mRNAs e.g. ATF4, DDIT3, and PPP1R15A [18,19].
The phosphorylation of eIF2α serves as a point of convergence for ER
stress independent signaling mechanisms mediated by EIF2AK4 (also
known as GCN2), EIF2AK2 (also known as PKR) or EIF2AK1 (also
known as HRI), which are activated by amino acid starvation, viral

infection, or heme deprivation, respectively. Therefore, the phosphorylation of eIF2α and the events downstream of it are also referred as the
integrated stress response (ISR) [20]. IRE1α through its endoribonuclease activity splices the XBP1 transcript to yield a stable and
active form of XBP1 (spliced XBP1), which in turn controls the transcription of genes playing a role in protein folding, secretion or ERassociated degradation (ERAD) [21]. In addition, through regulated
IRE1-dependent decay (RIDD) it specifically cleaves a number of RNAs
controlling cellular metabolism or apoptosis [22]. Activation of ATF6
results in the release of its cytoplasmic domain, which induces the expression of HSPA5 (BiP), a chaperone known to maintain the ER stress
sensors in an inactive state, and genes contributing to ERAD [23]. The
translational arrest together with the UPR elicited transcriptional
changes are adaptive responses to resolve cellular stress, however longterm and high level activation of the UPR signaling promotes cell death
instead of restoring ER homeostasis [18,24,25], through the activation
of various branches of the apoptotic signaling cascade [26] and the
concomitant induction of another adaptive response, autophagy [27].
Here we describe that a defined mixture of small molecules (AM)
selectively activates the UPR signaling cascade in cancer cells, which
leads to the activation of a pro-apoptotic transcription program, thus
providing a mechanism for the AM elicited apoptosis induction.
2. Results
2.1. Gene expression profiling identifies the ER stress pathway in AM16
treated cancer cells
Except otherwise indicated we have used a mixture of sixteen previously selected small molecules (“active mixture”, AM16: L-arginine, Ltyrosine, L-histidine, L-tryptophan, L-methionine, L-phenylalanine, adenine, L-(-)-malic acid, 2-deoxy-D-ribose, orotic acid, D-(+)-mannose,
hippuric acid, pyridoxine, D-biotin, (-)-riboflavin, and L-ascorbic acid)
throughout this study [10,11].
To investigate the transcriptional changes induced by treatment
with AM16 we performed microarray analysis in which HeLa cells were
treated with AM16 for 3 h, 6 h, and 24 h. Treatment with AM16 caused
striking changes in gene expression (Fig. 1 and Table S1). Gene set
enrichment analysis (GSEA) of the upregulated transcripts revealed a
sequence of events starting with the enrichment of gene sets corresponding to RNA splicing and translation initiation at 3 h, followed by
the induction of genes responsible for ER stress induced apoptosis and
cell cycle regulation at 6 h, and closed by the upregulation of genes
participating in apoptosis and TGF-β signaling at 24 h (Fig. 2A and
Table S2). Among the gene sets enriched in all three time points “response to ER stress” had the highest normalized enrichment score
(NES), and was accompanied with gene sets of several related pathways
(Fig. 2B and Table S2).
2
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Fig. 2. Gene expression profiling identifies the ER stress pathway in AM16 treated cancer cells. (A) Venn diagram indicating the number of enriched gene sets among
the upregulated transcripts (normalized enrichment score ≥ 3 and false discovery rate q-value < 10-3) identified with gene set enrichment analysis (GSEA) after 3 h,
6 h, and 24 h treatments with AM16 in HeLa cells. Texts in rectangles indicate predominant gene sets for each time point and in common. (B) Enrichment plot for the
ER stress gene set after 24 h treatment with AM16 (top) and heatmap showing the expression of top ranking genes (fold-change ≥ 1.3 vs. control) in the gene set after
24 h treatment of HeLa cells with AM16 in three biological replicates (bottom). NES, normalized enrichment score. FDRq, false discovery rate q-value. (C) Heatmap
of fold change values of gene expression determined by qRT-PCR in HeLa and HRE cells treated for 24 h with AM16 or CM. Values represent the average of three
independent experiments. (D) Heatmap of fold change values of gene expression determined by qRT-PCR in HeLa, MCF-7, PC-3, Caco-2, and HRE cells treated for
24 h with AM16 or CM. Values represent the average of three independent experiments.

3

Cellular Signalling 65 (2020) 109426

D. Scheffer, et al.

In order to validate these results we have chosen one hundred genes
for qRT-PCR analysis. To test the specificity of our findings a control
mixture (CM) which had the same osmolality as the AM16 and contained ineffective small molecules with chemically or physiologically
similar properties as components of the AM16 was also applied. We
have found substantial upregulation of genes contributing to the UPR
(CHAC1, GDF15, TRIB3, ATF3, DDIT3, PPP1R15A, ATF4, XPB1), to
autophagy (SESN2, ULK1, DRAM161), and to apoptosis (BIRC3,
GADD45A, PMAIP1, BBC3) in HeLa cells treated with AM16 for 24 h,
but not in HeLa cells treated with CM or in primary human renal epithelial cells (HRE, used as normal cell control) treated with AM16 or
CM (Fig. 2C and Table S3). Genes showing a significantly different
expression in AM16 treated HeLa cells compared to CM treated HeLa,
AM16 treated HRE and CM treated HRE cells were further validated in
MCF-7, PC-3 and Caco-2 cells. We have found that ATF3, DDIT3,
PPP1R15A, PMAIP1 and GDF15 was specifically upregulated in all of
the four AM16 treated cell lines, while the upregulation of CHAC1
could only be shown in AM16 treated HeLa and PC-3 cells (Fig. 2D and
Table S4). Taken together these results demonstrate that the AM16
specifically induces gene expression changes characteristic for ER stress
in cancer cells.

transcription factor domain (Fig. 4A). The activation of IRE1α was
confirmed by the increased splicing of XBP1 mRNA upon treatment
with AM16 (Fig. 4B). Since eIF2α could be phosphorylated by other ER
stress independent kinases, we also investigated the phosphorylation
status of GCN2 and PKR. We have found that GCN2 and PKR were not
phosphorylated upon treatment with AM16 (Fig. 4C, full blots are
shown in Fig. S7). Taken together these results demonstrate that AM16
activates all three branches of the UPR, and that the activation of PERK
and not other ER stress independent kinases leads to the phosphorylation of eIF2α.
2.4. Inhibition of the ISR attenuates the effect of AM16
To determine the extent to which ER stress contributes to the anticancer activity of the AM16, we investigated the effect of the ISR
inhibitor ISRIB, a molecule which protects cells form the consequences
of eIF2α phosphorylation through the stabilization of eIF2B dimers
[28], on the AM16 induced decrease in cell number. The effect on
AM16 induced changes in gene and protein expression was also examined. In addition the effect of salubrinal, an inhibitor of eIF2α dephosphorylation and ER stress induced apoptosis [29], and 4-phenylbutyrate (4-PBA), a chemical chaperone reported to suppress ER
stress by reducing the amount of misfolded proteins in the ER [30], was
also investigated. We have found that ISRIB completely blocked the
AM16 triggered induction of ATF4, while as expected had no effect on
the AM16 induced eIF2α phosphorylation (Fig. 4D, full blots are shown
in Fig. S8). ISRIB also completely blocked the 6 h AM16 treatment
elicited increase in ATF4, CHAC1, DDIT3 and GDF15 transcript levels,
while the induction of ATF3 was reduced but not completely abolished
(Fig. 4E). Salubrinal and 4-PBA had no effect on the AM16 elicited
changes mentioned above. The effect on cell growth inhibition was
investigated with direct counting of cells instead of metabolic assays to
avoid any possible interference caused by treatment with AM16. As
shown in Fig. 4F, ISRIB significantly attenuated the cell growth inhibitory effect of the AM16, while salubrinal or 4-PBA had no effect.
However, it is important to note that ISRIB was not able to completely
block the cell growth inhibitory effect of AM16. Since IRE1α is activated upon treatment with AM16 (Fig. 4A), we tested whether the inhibition of IRE1α attenuates the effect of the AM16 with the use of
IRE1α inhibitors GSK2850163 and STF-083010. Despite the significant
inhibition of the AM16 induced XBP1 splicing (Fig. 4G), these inhibitors
failed to inhibit the cell number reducing effect of the AM16
(Fig. 4H).These results indicate that the UPR plays an important role in
the AM16 induced cell growth inhibitory effect, and suggest that eIF2α
phosphorylation is the dominant branch of the UPR activated by AM16.

2.2. The AM16 induces proteins contributing to the ISR
Since the ISR is characterized by a global attenuation of translation
accompanied by the preferential translation of certain upstream open
reading frame containing mRNAs e.g. ATF4, DDIT3 [18,19], we investigated the abundance of ATF4, ATF3, DDIT3, CHAC1 and GDF15
proteins in AM16 or CM treated HeLa, PC-3, Caco-2, MCF-7 and HRE
cells by western blot. We have found a time dependent induction of
ATF4, ATF3, DDIT3, CHAC1 and GDF15 in AM16 treated HeLa cells,
but not in CM treated HeLa cells (Fig. 3A, full blots are shown in Fig.
S1). We observed the induction of ATF4, ATF3 and GDF15 in PC-3,
Caco-2 and MCF-7 cells treated with AM16 for 24 h, but not in CM
treated cells (Fig. 3B-D, full blots are shown in Figs. S2-4). The accumulation of DDIT3 could be demonstrated in AM16 treated PC-3 and
Caco-2 cells, but not in MCF-7 cells, while CHAC1 was induced in AM16
treated PC-3, but not in Caco-2 and MCF-7 cells (Fig. 3B-D). ATF4,
ATF3 and DDIT3 could not be detected in AM16 or CM treated HRE
cells, while a slight induction of CHAC1 and GDF15 could be observed
upon treatment with AM16 (Fig. 3E, full blots are shown in Fig. S5),
which is consistent with the small and non-significant increase of the
CHAC1 and GDF15 transcript levels in AM16 treated HRE cells (Table
S4). To further investigate the significance of ATF4 induction we analyzed the subcellular localization of ATF4 with immunocytochemistry.
We have found that the induced ATF4 accumulates in the nuclei of
HeLa cells treated with AM16 for 24 h (Fig. 3F,G). Collectively these
results confirm the activation of the ISR pathway, and demonstrate the
induction and nuclear accumulation of ATF4 upon treatment with
AM16.

2.5. Components of AM16 differentially contribute to the ER stress
induction
Since the AM16 is a mixture of sixteen small molecules, we wanted
to investigate the extent to which the individual components contribute
to the induction of ER stress. To this end, we have formed three groups
from the compounds of AM16 and tested the effect of them alone or in
combination on cell number, ER stress related gene expression, and
ATF4 induction. AM1 contained the amino acid components (L-arginine, L-tyrosine, L-histidine, L-tryptophan, L-methionine, and L-phenylalanine), AM2 contained adenine, L-(-)-malic acid, 2-deoxy-D-ribose,
orotic acid, D-(+)-mannose and hippuric acid, AM3 contained the vitamin components (pyridoxine, D-biotin, (-)-riboflavin, and L-ascorbic
acid), and AM16 contained all of the sixteen components
(AM1 + AM2 + AM3). We have found that the combination of AM1
and AM2 (AM1 + AM2) was able to significantly inhibit the cell growth
(Fig. 5A), induced the expression of ATF3, ATF4, CHAC1, DDIT3, GDF15
(Fig. 5B), and increased the nuclear accumulation of ATF4 (Fig. 5C,D),
while other combinations or the per se application of AM1, AM2 or
AM3 had no effect. Importantly, the highest degree of cell growth

2.3. The AM16 induced stress response is mediated by ER stress sensors
Next we investigated the phosphorylation status of the translation
initiation factor eIF2α which mediates the global translational shutdown and the simultaneous preferential translation during the course of
ISR, together with the phosphorylation status of the ER stress responsive eIF2α kinase PERK. We have found a time dependent phosphorylation of eIF2α and PERK in AM16 treated HeLa cells (Fig. 4A, full
blots are shown in Fig. S6). In addition we also investigated two further
ER stress sensors IRE1α and ATF6, and the accumulation of BiP a
chaperone known to play a crucial role in ER stress. We have found that
treatment with AM16 induces a time dependent phosphorylation of
IRE1α, and a time dependent increase in the amount of ATF6 and BIP in
HeLa cells (Fig. 4A). The activation of ATF6 was evidenced by the appearance of the 50 kDA cleavage fragment corresponding to the
4
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Fig. 3. The AM16 induces proteins contributing to the integrated stress response. (A) Representative western-blots for ATF4, ATF3, DDIT3, CHAC1 and GDF15 in
HeLa cells treated with AM16 or CM for the indicated periods of time. β-tubulin (TUBB) was used as loading control. Full blots are shown in Fig. S1. (B-E)
Representative western-blots for ATF4, ATF3, DDIT3, CHAC1 and GDF15 in PC-3 cells (B), in Caco-2 cells (C), in MCF-7 cells (D), or in HRE cells (E) treated with
AM16, CM, or tunicamycin (5 μM) for 24 h. β-tubulin (TUBB) was used as loading control. Full blots are shown in Figs. S2-5. (F) Immunofluorescence pictures of
HeLa cells treated with AM16 or CM for 24 h. Nuclei were labeled with DAPI (blue) and ATF4 was detected with antibody (red). Representative image galleries of 25
nuclei per condition from three independent experiments are shown. Scale bars: 15 μm. (G) Quantification of nuclear ATF4 fluorescence intensity. Fluorescence
intensity is presented in arbitrary units (AU) and represents mean ± SD of three independent experiments. *p < 0.001 vs. CTRL (Welch test followed by GamesHowell test). n(CTRL) = 4187, n(AM16) = 2202, n(CM) = 4417.

inhibition and ATF4 induction was produced by AM16, which were
significantly higher than those caused by AM1 + AM2, while the level
of ER stress related gene induction elicited by AM16 was similar to that
of AM1 + AM2 (Fig. 5B). These results demonstrate that the amino acid
components (AM1) together with the heterogeneous group of other
small molecules (AM2) are sufficient to induce ER stress, while the
vitamin components (AM3) are only able to enhance this effect, but are
not sufficient to initiate it.

knockdown of ATF3 or GDF15, or both in the presence of ISRIB
(Fig. 8A,B, full blots are shown in Fig. 9S), we could not completely
prevent the decrease in cell number caused by 24 h treatment with
AM16 (Fig. 8C). The only effect was the partial attenuation of the AM16
caused cell growth inhibitory effect by ISRIB. These experiments were
also performed with AM10 and produced the same results. The above
results indicate that ATF3 and GDF15 are not essential for the cell
growth inhibitory effect of the AM16.

2.6. Ten out of the sixteen AM16 components are sufficient to induce ER
stress

2.8. The AM16 induced mIR-3189-3p enhances the expression of ER stress
genes

To further narrow the circle of ER stress inducing components of the
AM16, we continued our investigations with constituents of AM1 and
AM2. We have combined randomly paired components of AM2 with
AM1 (Fig. 6A), or vice versa randomly paired components of AM1 with
AM2 (Fig. 6B) and measured the effect on ATF3, ATF4, CHAC1, DDIT3,
and GDF15 expression. The combinations of paired components (i.e.
four component mixtures) were also tested in combination with AM1 or
AM2. Our results indicate that the combination of adenine (Ade), L(-)-malic acid (Mal), D-(+)-mannose (Man) and hippuric acid (Hip)
with AM1 (amino acids) induces the expression of ER stress genes to
levels comparable with AM1 + AM2 (Fig. 6A), while 2-deoxy-D-ribose
(Deo) and orotic acid (O) are not necessary to the ER stress induction.
As shown in Fig. 6B the amino acid components equally contribute to
the induction of ER stress genes and all six of them are necessary to
reach the gene expression levels caused by AM1 + AM2.
On the basis of the above results we have split the sixteen component AM16 to a ten component mixture (AM10) which contained
compounds sufficient to ER stress gene induction (amino acids, Ade,
Mal, Man, Hip), and to a six component mixture (AM6) which contained compounds not necessary for ER stress gene induction (vitamins,
Deo, O). As shown in Fig. 6C, AM10 induced the expression of ER stress
genes to levels comparable with AM16, while AM6 had no effect. ISRIB
completely blocked the 24 h AM10 or AM16 treatment elicited increase
in ATF4, CHAC1 and DDIT3 transcript levels, while the induction of
ATF3 and GDF15 were significantly attenuated but not completely
blocked. Treatment with AM10 caused a significant cell growth inhibitory effect, which was also attenuated but not completely blocked
by ISRIB (Fig. 6D). The AM10 induced changes in gene expression and
the cell growth inhibitory effect could also be demonstrated in PC-3
(Fig. 7A,D), MCF-7 (Fig. 7B,E), and Caco-2 cells (Fig. 7C,F). Taken together these results indicate that the amino acid components together
with Ade, Mal, Man and Hip are sufficient to induce ER stress, however
the other six components are able to enhance the cell growth inhibitory
effect.

The GDF15 locus contains an intronic miRNA (mIR-3189), the 3p
product of which (mIR-3189-3p) has been shown to transcriptionally
co-regulated with GDF15 and was demonstrated to have potent proapoptotic activity [31]. Hence we investigated the induction of mIR3189-3p upon treatment with AM16, and found that treatment with
AM16 for 24 h produced a 3-fold increase in mIR-3189-3p level, while
CM had no effect. Tunicamycin, a known inducer of ER stress, also
caused a 4-fold increase in mIR-3189-3p level (Fig. 9A). Next, we tested
whether knockdown of mIR-3189-3p with miRNA inhibitor has an effect on the cell growth inhibition caused by the AM16. To verify the
functionality of the mIR-3189-3p inhibitor we have tested the ability of
the inhibitor to block the effect of mIR-3189-3p mimic on the transcript
levels of two verified mIR-3189-3p targets, ARHGEF25 and SF3B2 [32].
As expected, the mIR-3189-3p mimic significantly reduced the transcript levels of ARHGEF25 and SF3B2, which was completely blocked
by the mIR-3189-3p inhibitor, but not by a negative control miRNA
inhibitor (Fig. 9B). However, the mIR-3189-3p inhibitor applied at
50 nM concentration was not able to reduce the cell growth inhibitory
effect of the 24 h AM16 treatment (Fig. 9C). We have also tested other
inhibitor concentrations (10 nM and 200 nM), which produced the
same results. Interestingly, the combination of mIR-3189-3p inhibitor
with siGDF15 at high concentrations (200 nM and 100 nM, respectively) also failed to reduce the cell growth inhibitory effect of the
AM16 (Fig. 9C). These experiments were also performed with AM10
and produced the same results.
Next, we investigated whether mIR-3189-3p influences the transcript levels of genes participating in the AM16 induced ER stress
(ATF3, ATF4, CHAC1, DDIT3 and GDF15). Interestingly, the mIR-31893p mimic significantly increased the levels of ATF3, DDIT3, and GDF15
transcripts, which was completely blocked by mIR-3189-3p inhibitor,
but not by a negative control miRNA inhibitor (Fig. 9D). The increase in
CHAC1 transcript level proved to be non-specific as a negative control
miRNA mimic also produced a significant increase (Fig. 9D). At the
protein level the increased expression of ATF3 and GDF15 could be
verified, while CHAC1, DDIT3 and ATF4 were not specifically induced
by mIR-3189-3p transfection (Fig. 9E).
Both ATF3 and DDIT3 have been shown to be transcriptionally repressed by the transcription factor JDP2 [33,34], and various members
of the histone deacetylase family (HDACs) were demonstrated to be
associated with JDP2 at the promoters of ATF3 and DDIT3 [34,35].
Thus we measured the transcript levels of HDAC1-6 and JDP2 following
transfection with mIR-3189-3p mimic. Furthermore the transcript levels of two additional JDP2 targets GSG1 and PCDH7 [33] were also
analyzed. As shown in Fig. 9F, the mIR-3189-3p mimic significantly

2.7. Knockdown of ATF3 and GDF15 does not attenuate the effect of AM16
The finding that the AM16 induced increase in ATF3 and GDF15
transcript levels could not be completely blocked by ISRIB (Fig. 6C)
raised the possibility that the residual induction of these proteins in the
presence of ISRIB could be responsible for the uncomplete block of
AM16 caused cell growth inhibition. Therefore we investigated the effect of the knockdown of these proteins alone, or in combination with
ISRIB on AM16 induced cell growth inhibition. Despite the efficient
6
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Fig. 4. The AM16 induced stress response is mediated by ER stress sensors. (A) Representative western-blots
of phosphorylated eIF2α (S51), eIF2α,
phosphorylated PERK (T982), PERK,
phosphorylated IRE1α (S724), IRE1α,
ATF6 and BIP in HeLa cells treated
with AM16 for the indicated periods of
time. β-tubulin (TUBB) was used as
loading control. Numbers below the
bands indicate relative densities compared to the untreated control. Full
blots are shown in Fig. S6. (B) XBP1
mRNA splicing was detected with qRTPCR analysis in HeLa and HRE cells
treated for 24 h with AM16 or CM.
Bars represent the fold change compared to CTRL. Normalized expression
values and significance values are
provided
in
Table
S5.
(C)
Representative western-blots of phosphorylated GCN2 (T899), GCN2,
phosphorylated PKR (T466) and PKR
in HeLa cells treated with AM16 for
the indicated periods of time. β-tubulin
(TUBB) was used as loading control.
Leucine starvation for 30 min (- LEU)
or 3 h of tunicamycin treatment (5 μM)
was applied as positive control for
phosphorylated GCN2 or phosphorylated PKR, respectively. Full blots are
shown in Fig. S7. (D) HeLa cells were
pretreated with the indicated concentrations of ISRIB, salubrinal, or 4phenylbutyrate (4-PBA) for 1 h, followed by co-treatment with AM16 for
2 h. ATF4, phosphorylated eIF2α
(S51), and eIF2α were analyzed by
western-blot. β-tubulin (TUBB) was
used as loading control. Full blots are
shown in Fig. S7. (E) HeLa cells were
pretreated with 500 nM ISRIB, 1 μM
salubrinal, or 1 mM 4-phenylbutyrate
(4-PBA) for 1 h, followed by co-treatment with AM16 for 6 h. mRNA levels
were detected with qRT-PCR. Bars represent the average ± standard deviation of two independent experiments. *p < 0.05, **p < 0.001 vs.
CTRL; #p < 0.05, ##p < 0.001 vs.
AM16 (Welch test followed by GamesHowell test). (F) HeLa cells were pretreated as in panel (E), followed by cotreatment with AM16 for 24 h. Bars
represent the cell counts per well
(average ± standard deviation of
three
independent
experiments).
*p < 0.05, **p < 0.001 vs. CTRL;
#
p < 0.001 vs. AM16 (ANOVA,
Bonferroni test). (G) HeLa cells were
treated with 10 μM GSK2850163 or 10
μM STF-083010 in combination with
AM16 for 24 h. XBP1 mRNA splicing
was detected with qRT-PCR analysis.
Bars represent the fold change compared to CTRL. Normalized expression
values and significance values are provided in Table S5. (H) HeLa cells were treated as in panel (G). Bars represent the cell counts per well (average ± standard deviation
of two independent experiments). *p < 0.001 vs. CTRL, #p < 0.001 vs. AM16 (ANOVA, Bonferroni test).
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Fig. 5. Components of AM16 differentially contribute to the ER stress induction. (A) HeLa cells were treated with AM1, AM2, AM3 or the indicated combinations of
them for 24 h. AM16 represents a mixture containing all of the sixteen components (AM1 + AM2 + AM3). Cell number was determined with DAPI staining followed
by counting the nuclei using an automated microscope. Bars represent the cell counts per well (average ± standard deviation of three independent experiments).
*p < 0.05, **p < 0.001 vs. CTRL; #p < 0.001 vs. AM1 + AM2 (ANOVA, Bonferroni test). (B) HeLa cells were treated as in panel (A). ATF3, ATF4, CHAC1,
DDIT3, GDF15 mRNA levels were detected with qRT-PCR. Bars represent the fold change compared to CTRL. Normalized expression values and significance values
are provided in Table S5. (C) Immunofluorescence pictures of HeLa cells treated as in panel (A). Nuclei were labelled with DAPI (blue) and ATF4 was detected with
antibody (red). Representative image galleries of 25 nuclei per condition from three independent experiments are shown. Scale bars: 15 μm. (D) Quantification of
nuclear ATF4 fluorescence intensity of the same representative experiment as shown in panel (C). Fluorescence intensity is presented in arbitrary units (AU) and
represents mean ± SD of three independent experiments. *p < 0.001 vs. CTRL; #p < 0.001 vs. AM1 + AM2 (Welch test followed by Games-Howell test). n
(CTRL) = 4968, n(AM1) = 4787, n(AM2) = 4869, n(AM3) = 4721, n(AM1 + AM2) = 3183, n(AM1 + AM3) = 4819, n(AM2 + AM3) = 4774, n(AM16) = 2649.

decreased the level of HDAC1, HDAC3, and JDP2 transcripts, which was
completely blocked by mIR-3189-3p inhibitor, but not by a negative
control miRNA inhibitor. The level of HDAC5 transcript was significantly increased. The transcript levels of GSG1 and PCDH7 were also
specifically increased, which further verifies the downregulation of
JDP2. Moreover, HDAC3 and JDP2 were identified as targets of mIR3189-3p by searching the TargetScan database [36]. These results
collectively demonstrate that mIR-3189-3p is induced by treatment
with AM16, and suggest that the induced mIR-3189-3p enhances the

expression of ATF3 and DDIT3 most probably through the downregulation of JDP2, HDAC1 and HDAC3.
2.9. The AM16 has cytotoxic, anti-proliferative and apoptosis inducing
effect
Since neither ISRIB nor the knockdown of ATF3, GDF15, or mIR3189-3p was able to completely block the effect of the AM16 we
decided to further investigate the mechanism of AM16 induced cell
8
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Fig. 6. Ten out of the sixteen AM16 components are sufficient to induce ER stress. (A) HeLa cells were treated with AM1, AM1 + AM2, or AM1 and the indicated
combinations of adenine (Ade), L-(-)-malic acid (Mal), 2-deoxy-D-ribose (Deo), orotic acid (O), D-(+)-mannose (Man) and hippuric acid (Hip) for 24 h. ATF3, ATF4,
CHAC1, DDIT3, GDF15 mRNA levels were detected with qRT-PCR. Bars represent the the fold change compared to CTRL. Normalized expression values and
significance values are provided in Table S5. (B) HeLa cells were treated with AM2, AM1 + AM2, or AM2 and the indicated combinations of L-arginine (R), L-tyrosine
(Y), L-histidine (H), L-tryptophan (W), L-methionine (M), L-phenylalanine (F) for 24 h. ATF3, ATF4, CHAC1, DDIT3, GDF15 mRNA levels were detected with qRT-PCR.
Bars represent the average ± standard deviation of two independent experiments. *p < 0.05, **p < 0.001 vs. CTRL; #p < 0.05, ##p < 0.001 vs. AM1 + AM2
(Welch test followed by Games-Howell test). (C) HeLa cells were pretreated with vehicle or 500 nM ISRIB for 1 h, followed by co-treatment with AM1 + AM2, AM6,
AM10 or AM16 for 24 h. ATF3, ATF4, CHAC1, DDIT3, GDF15 mRNA levels were detected with qRT-PCR. Bars represent the fold change compared to CTRL.
Normalized expression values and significance values are provided in Table S5. (D) HeLa cells were treated as in panel (C). Bars represent the cell counts per well
(average ± standard deviation of three independent experiments). *p < 0.05, **p < 0.001 vs. CTRL; #p < 0.05, ##p < 0.001 vs. the corresponding vehicle
treated sample (ANOVA, Bonferroni test).

death and growth inhibition. We investigated whether the effect of the
AM16 is mainly due to cytotoxic, growth arresting or apoptosis inducing effects. Treatment of HeLa cells with AM16 caused a significant
increase in the number of necrotic/late apoptotic cells as demonstrated
by cytocalcein/7-AAD staining (Fig. 10A,B). Cell proliferation measured with EdU incorporation was suppressed upon treatment with
AM16 (Fig. 10C,D), which was accompanied by a time dependent decrease of cell number (Fig. 10E). In addition, the AM16 significantly
increased the number of apoptotic cells as measured with TUNEL
(Fig. 10F,G).

used inhibitors have antiproliferative effect when applied alone, we
used dilution series of the inhibitors and dilution series of the AM16
alone or in combination with the inhibitors and determined the combination index (CI) using cell counting. The CI is the quantitative
measure of interaction between the effect of the inhibitors and the
AM16 (CI > 1.1 indicates antagonism, CI < 0.9 indicates synergism)
[37–39].
First we demonstrated that treatment with AM16, but not with CM
causes a dose dependent decrease in the number of HeLa, MCF-7, PC-3,
Caco-2, HT-29 and A549 cells, while the number of HRE cells is not
affected (Fig. 11A). To select the optimal cell line for investigating the
role of ferroptosis we tested the effect of erastin, a known inducer of
ferroptosis [40], in conjunction with established inhibitors of ferroptosis: the iron chelator deferoxamine (DFO) and the lipid peroxidation
inhibitor ferrostatin-1 (Fer-1) on HeLa, MCF-7, PC-3, Caco-2, HT-29 and
A549 cells. Treatment with erastin reduced the cell number in all tested
cell lines, however its effect could only be inhibited by DFO and Fer-1 in

2.10. Inhibitors of apoptosis, but not autophagy, ferroptosis and necroptosis
attenuate the effect of the AM16
Next we wanted to investigate the relative contribution of apoptosis,
autophagy, ferroptosis and necroptosis to the effect of the AM16 using
various inhibitors of these cell death pathways. Since many commonly
9
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Fig. 7. Ten out of the sixteen AM16 components are sufficient to induce ER stress in PC-3, MCF-7, and Caco-2. (A-C) PC-3 (A), MCF-7 (B), Caco-2 (C) cells were
treated with AM6, AM10, or AM16 for 24 h. ATF3, ATF4, CHAC1, DDIT3, GDF15 mRNA levels were detected with qRT-PCR. Bars represent the fold change compared
to CTRL. Normalized expression values and significance values are provided in Table S5. (D-F) PC-3 (D), MCF-7 (E), Caco-2 (F) cells were treated as in panel (A-C).
Bars represent the cell counts per well (average ± standard deviation of three independent experiments). *p < 0.05, **p < 0.001 vs. CTRL (ANOVA, Bonferroni
test).

A549 cells (Fig. 11B), indicating that mutant RAS - present only in A549
cells, while HeLa, MCF-7, PC-3, Caco-2, and HT-29 cells have wild-type
RAS - which was used in the identification of erastin [41] has an important role in erastin induced ferroptosis. On the basis of these results

we have chosen the HeLa and A549 cell lines to test the modulatory
effect of ferroptosis inhibitors DFO, Fer-1, the lipophilic antioxidant
trolox, the system xc− bypassing agent 2-mercaptoethanol and the MEK
inhibitor/antioxidant U0126 on the effect of the AM16. As shown in
10
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AM16 the RIPK1 inhibitor necrostatin-1 and the MLKL inhibitor necrosulfonamide was tested on HT-29 cells since HeLa, PC-3, MCF-7 and
Caco-2 cells are missing one or more components of the necroptosis
signaling cascade and not responding to the commonly used TNF-α +
z-VAD-fmk + Smac mimetic (T+Z+S) necroptosis inducing stimulus
[42,43]. We have found that inhibitors of necroptosis failed to inhibit
the effect of the AM16 in HT-29 cells, while they effectively blocked the
necroptosis induced by T+Z+S (Fig. 11D).
The modulatory effect of inhibitors of caspase, cathepsin or calpain
proteases (z-VAD-fmk, E64d, ALLN), cyclophilin D (cyclosporine A),
and autophagy/lysosomal function (bafilomycin A1 (BAF), 3-methyladenine (3-MA), and chloroquine) was tested in HeLa, A549, and HT-29
cells. We have found that z-VAD-fmk partially antagonized the effect of
the AM16 in A549 and HT-29 (CI: 1.14–1.42), but not in HeLa cells,
while E64d, ALLN, cyclosporine A partially antagonized the effect of
the AM16 in all three cell lines (CI: 1.2–1.67) (Fig. 11E). We have also
tested the combination z-VAD-fmk, E64d, ALLN and cyclosporine A (Z
+E+A+C), which also produced a partial and consistent antagonism,
however it failed to completely block the effect of the AM16. In addition Z+E+A+C significantly reduced the cell count when applied
alone, therefore it was not investigated further. Interestingly, the autophagy inhibitors BAF and 3-MA consistently enhanced the effect of
the AM16 in all three cell lines (CI: 0.32-0.86). Taken together these
results indicate that ferroptosis and necroptosis are not involved in the
mechanism of AM16 induced cell death, while the induction of apoptosis has an important role in the effect of the AM16.
2.11. Combination of ER stress inhibition with knockdown of BBC3 and
PMAIP1 completely abrogates the effect of the AM16
As a final point, we wanted to investigate whether the induction of
ER stress is responsible for the anti-proliferative and apoptosis inducing
effect of the AM16. To this end we treated HeLa cells with AM16 in the
presence of ISRIB and determined the number of dead, EdU positive and
TUNEL positive cells after 24 h. As shown in Fig. 12A and B ISRIB
significantly but not totally inhibited the AM16 induced increase in the
number of dead and TUNEL positive cells, while it completely restored
the AM16 suppressed cell proliferation.
Since the AM16 induced dead and apoptotic cells were not diminished totally by ISRIB, we continued to search for additional mediators
of AM16 induced apoptosis. As BBC3 and PMAIP1 were consistently
upregulated upon treatment with AM16 in HeLa, MCF-7, PC-3, and
Caco-2 cells (Fig. 2D) we tested whether the knockdown of these
apoptotic mediators modulates the effect of the AM16. The efficacy of
knockdown was verified by qRT-PCR (Fig. 12C), while cell counting
demonstrated that both the single-knockdown of BBC3 or PMAIP1, and
double-knockdown, and the combination of knockdown and ISRIB
significantly inhibited the effect of the AM16 (Fig. 12D). The combination of double knockdown and ISRIB completely inhibited the effect
of the AM16.

Fig. 8. Knockdown of ATF3 and GDF15 does not attenuate the effect of AM. (A)
HeLa cells were transfected with 50 nM siRNA against ATF3 (siATF3), 50 nM
siRNA against GDF15 (siGDF15), with the combination of 50 nM siATF3 and
50 nM siGDF15, 100 nM siRNA control (siCTRL), or were mock transfected
(Mock). 24 h after transfection cells were treated with vehicle or 500 nM ISRIB
for 1 h, followed by co-treatment with AM16 for 24 h. ATF3 and GDF15 mRNA
levels were detected with qRT-PCR. Bars represent the fold change compared to
CTRL. Normalized expression values and significance values are provided in
Table S5. (B) Representative western-blot for ATF3 and GDF15 in Hela cells
transfected and treated as in panel (A). β-tubulin (TUBB) was used as loading
control. Full blots are shown in Fig. 9S. (C) HeLa cells were transfected and
treated as in panel (A). Bars represent the cell counts per well (average ±
standard deviation of three independent experiments). *p < 0.001 vs. CTRL;
#p < 0.001 vs. Mock (ANOVA, Bonferroni test).

3. Discussion
In this work, we show that a mixture of amino acids, vitamins and
other small molecules present in the serum (AM) selectively induce ER
stress and activates the UPR in cancer cells. Our gene expression studies
indicate that treatment with AM first induce the expression of ER stress
genes (ATF3, ATF4, DDIT3, PPP1R15A, XPB1), which is followed by the
upregulation of genes participating in apoptosis and cell cycle regulation (BBC3, PMAIP1, TNFRSF10B, CDKN1A). This, together with the
temporally sustained induction of ATF4, ATF3 and DDIT3 proteins, is in
agreement with the generally accepted view that long-term and high
level activation of UPR signaling promotes cell death instead of restoring ER homeostasis [18,24,25]. The AM elicited induction of BBC3
and PMAIP1 is in agreement with our previous report [15], and since
these proteins are activated in the late phase of UPR points toward the

Fig. 11C inhibitors of ferroptosis failed to inhibit the effect of the AM16
in HeLa and A549 cells, while the effect of erastin was antagonized in
A549 but not in HeLa cells.
To investigate the possible role of necroptosis in the effect of the
11
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Fig. 9. The AM16 induced mIR-3189-3p enhances the expression of ER stress genes. (A) HeLa cells were treated for 24 h with AM16, CM or tunicamycin (5 μM, TM).
mIR-3189-3p level was detected with qRT-PCR. Bars represent the fold change compared to CTRL. Normalized expression values and significance values are provided
in Table S5. (B) HeLa cells were transfected with 10 nM miR-3189-3p mimic, 10 nM negative control miRNA mimic (CTRL mimic), with the combination of 10 nM
miR-3189-3p mimic and 50 nM miR-3189-3p inhibitor (miR-3189-3p mimic + miR-3189-3p INH), or with the combination of 10 nM miR-3189-3p mimic and 50 nM
negative control miRNA inhibitor (miR-3189-3p mimic + CTRL INH) for 24 h. ARHGEF25 and SF3B2 mRNA levels were detected with qRT-PCR after an additional
24 h. Bars represent the fold change compared to CTRL. Normalized expression values and significance values are provided in Table S5. (C) HeLa cells were
transfected with 50 nM miR-3189-3p inhibitor (miR-3189-3p INH), with the combination of 200 nM miR-3189-3p inhibitor and 100 nM siRNA against GDF15 (miR3189-3p INH + siGDF15), 50 nM negative control miRNA inhibitor (CTRL INH), or with the combination of 200 nM negative control miRNA inhibitor and 100 nM
siRNA control (miR-3189-3p INH + siCTRL), 24 h after transfection cells were treated with AM16 for 24 h. Bars represent the cell counts per well (average ±
standard deviation of three independent experiments). *p < 0.001 vs. CTRL (ANOVA, Bonferroni test). (D) HeLa cells were transfected as in panel (B). ATF3, ATF4,
CHAC1, DDIT3, GDF15 mRNA levels were detected with qRT-PCR after an additional 24 h. Bars represent the fold change compared to CTRL. Normalized expression
values and significance values are provided in Table S5. (E) Representative western-blots for ATF3, ATF4, DDIT3, CHAC1 and GDF15 in Hela cells transfected as in
panel (B). β-tubulin (TUBB) was used as loading control. Full blots are shown in Fig. S10. (F) HeLa cells were transfected as in panel (B) for 24 h. HDAC1-6, JDP2,
GSG1, and PCDH7 mRNA levels were detected with qRT-PCR after an additional 24 h. Bars represent the fold change compared to CTRL. Normalized expression
values and significance values are provided in Table S5.

ER stress mediated induction of apoptosis [44].
Detailed analysis of the signaling components revealed that the AM
activates all three arms of the UPR (PERK, ATF6, IRE1α), however the
results of our inhibition experiments suggest that the activation of PERK
and the consequential eIF2α phosphorylation, accompanied by the
preferential translation mediated ATF4 induction are the dominant ER
stress contributors in the effect of the AM. Our investigations on the
mechanism of AM induced cell death revealed that the inhibition of cell
proliferation and induction of apoptosis are the two major mechanisms
involved in the effect of the AM. Our results link the AM induced ER
stress to the inhibition of cell proliferation and to the BBC3 and PMAIP1
mediated induction of apoptosis, which is in agreement with the generally accepted role of ER stress in cell fate control [25,27,45]. The fact
that the individual inhibition of ATF3, GDF15, or mIR-3189-3p induction did not influenced the cell number reducing effect of the AM could
be attributed to the highly complex and redundant nature of UPR signaling [20,25], and indicate that these components are not essential for
the anti-cancer activity of the AM. Interestingly, inhibition of autophagy seemed to enhance the effect of the AM, which could be explained
by the highly context dependent outcome of autophagy signaling. It has
been shown that under certain circumstances the inhibition of autophagy sensitizes cancer cell to apoptosis [46,47].
The AM and tunicamycin induced increase in the amount of mIR3189-3p points toward the possible role of this miRNA in the UPR,
which is supported by the mIR-3189-3p specific increase in the amounts
of ATF3, DDIT3, and GDF15 transcripts. The transcription factor
JDP2 has been shown to repress ATF3 and DDIT3 transcription [33,34],
and various members of the histone deacetylase family (HDACs) were
demonstrated to be associated with JDP2 at the promoters of ATF3 and
DDIT3 [34,35]. Our results demonstrate a specific downregulation of
JDP2, HDAC1 and HDAC3 transcripts by mIR-3189-3p, indicating that
these mRNAs are targets of mIR-3189-3p. On the basis of the above we
speculate that mIR-3189-3p enhances the expression of ATF3 and
DDIT3 most probably through the downregulation of JDP2, HDAC1 and
HDAC3 thereby lifting the repression form the promoters of ATF3 and
DDIT3. The increased amount of ATF3 in turn could potentially stimulate the transcription of GDF15 or stabilize the GDF15 transcript,
thus providing the basis for the mIR-3189-3p feedback loop.
Our investigations on the relative contribution of individual AM
components to the activation of the UPR revealed that the amino acid
components (L-arginine, L-tyrosine, L-histidine, L-tryptophan, L-methionine, and L-phenylalanine) if applied in conjunction with adenine, L(-)-malic acid, D-(+)-mannose and hippuric acid are necessary and
sufficient to induce ER stress. We emphasize that these molecules are
not able to activate the UPR when applied alone, and all of them are
necessary to reach the same level of UPR gene induction as produced by
the sixteen component mixture AM16. With the exception of L-arginine
and D-(+)-mannose to our knowledge there are no reports which would
implicate these substances in the activation of the UPR [48–50].
The selectivity of the AM toward cancer cells could be explained in

part by the accumulation of its components by cancer cells. Among the
amino acid components of the AM L-phenylalanine, L-tyrosine, L-tryptophan and L-methionine are used as tracers in positron emission tomography [5,51,52]. Once inside the cancer cells, components of the
AM could selectively activate the UPR, since this signaling pathway is
in a heightened state of activation in cancer cells due to the survival
benefit which it can provide in the constantly changing and stressful
environment of the tumor cell caused by hypoxia or nutritional stress
[18,53].
3.1. Conclusions
In summary, we demonstrated that a defined mixture of small molecules selectively induce ER stress and activates the UPR signaling
cascade in cancer cells, which leads to the activation of a pro-apoptotic
transcription program. In addition we have identified a novel miRNA
mediated feedback mechanism of the transcriptional upregulation of
certain UPR signaling components. This study provides compelling data
to prompt the further evaluation of the AM in cancer therapy alone, or
in combination with other ER stress inducing agents.
4. Materials and methods
4.1. Cell lines, chemicals, antibodies, kits, siRNAs, miRNA mimics, gene
expression assays, and software
Materials, reagents and software used in this study are listed in
Supplementary Table S6.
4.2. Cell culture
Cell lines were obtained from the American Type Culture Collection
(ATCC) through LGC Standards GMBH, Germany or from The European
Collection of Authenticated Cell Cultures (ECACC) through SigmaAldrich. Cell were expanded and early passage stocks were stored under
liquid nitrogen. Cell line authentication was performed by Eurofins
Medigenomix Forensik GmbH (Ebersberg, Germany). All stocks were
tested for mycoplasma with the Mycoplasma Detection Kit both before
cryopreservation and after thawing. HeLa (human cervix adenocarcinoma), MCF-7 (human breast adenocarcinoma), PC-3 (human prostate
adenocarcinoma), Caco-2 (human colorectal adenocarcinoma, male),
A549 (lung adenocarcinoma, male) and HT-29 (human colorectal
adenocarcinoma, female) cells were cultured in MEM supplemented
with 10 % (v/v) FCS, 100 U/ml penicillin and 0.1 mg/ml streptomycin.
HRE (human renal epithelial cells, pooled from donors with different
sex) cells were cultured in Renal Epithelial Cell Basal Medium supplemented with hEGF, Hydrocortisone, Epinephrine, Insulin,
Triiodothyronine, Transferrin, GA-1000, and 0.5 % FBS. Cells were
incubated at 37 °C in a humidified atmosphere at 5 % CO2.
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Fig. 10. The AM16 has cytotoxic, anti-proliferative and apoptosis inducing effect. (A) Immunofluorescence pictures of HeLa cells treated with AM16 or CM for 24 h
and 48 h. Live cells were labeled with cytocalcein violet 450 (blue), and dead cells were detected with 7-AAD (red). (B) Quantification of the percentage of dead cells
treated as in panel (A). Bars represent the average ± standard deviation of three independent experiments. *p < 0.05 vs. the corresponding control sample (Welch
test followed by Games-Howell test). (C) EdU labelling (red) of HeLa cells treated with AM16 or CM for the indicated periods of time. Nuclei were labelled with
Hoechst 33342 (blue). (D) Quantification of the percentage of EdU positive HeLa cells treated as in panel (C). Bars represent the average ± standard deviation of
three independent experiments. *p < 0.05, **p < 0.001 vs. the corresponding CTRL (ANOVA, Bonferroni test). (E) Quantification of the number of HeLa cells
treated as in panel (C). Bars represent the cell counts per well (average ± standard deviation of three independent experiments). *p < 0.001 vs. the corresponding
CTRL (ANOVA, Bonferroni test). (F) TUNEL labelling (red) of HeLa cells treated with AM16 or CM for 24 h. Nuclei were labelled with Hoechst 33342 (blue). (G)
Quantification of the percentage of TUNEL positive HeLa cells treated as in panel (F). Bars represent the average ± standard deviation of three independent
experiments. *p < 0.001 vs. CTRL (ANOVA, Bonferroni test). Scale bars: 60 μm.
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Fig. 11. Inhibitors of apoptosis, but not autophagy, ferroptosis and necroptosis attenuate the effect of the AM16. (A) HeLa, PC-3, MCF-7, Caco-2, HT-29, A549 and
HRE cells were treated with dilution series of AM16 or CM for 24 h. The dilution of the mixtures is expressed in percentage. Bars represent the cell counts per well
(average ± standard deviation of two independent experiments). *p < 0.001 vs. the corresponding CTRL (ANOVA, Bonferroni test). (B) Heatmap of combination
index (CI) values for HeLa, PC-3, MCF-7, Caco-2, HT-29, A549 cells treated with the indicated concentrations of erastin in combination with 100 μM deferoxamine
(DFO) or 20 μM ferrostatin-1 (Fer-1) for 24 h. Values represent the average of two independent experiments. (C) Heatmap of CI values for HeLa, A549 cells were
treated with the indicated concentrations of erastin or AM16 in combination with 100 μM DFO, 20 μM Fer-1, 300 μM trolox, 20 μM 2-mercaptoethanol (2-ME) or 20
μM U0126 for 24 h. Values represent the average of two independent experiments. (D) Heatmap of CI values for HT-29 cells treated with the indicated concentrations
of TNF-α + z-VAD-fmk + smac mimetic (T+Z+S) or AM16 in combination with 5 μM necrosulfonamide (NSA) or 10 μM necrostatin-1 (Nec-1) for 24 h. 100 % T+Z
+S contains 20 ng/ml TNF-α, 20 μM z-VAD-fmk and 0.5 μM BV6 smac mimetic. Values represent the average of two independent experiments. (E) Heatmap of CI
values for HeLa, A549 and HT-29 cells treated with the indicated concentrations of AM16 in combination with 80 μM z-VAD-fmk, 50 μM E64d, 0.5 μM ALLN, 10 μM
cyclosporin A (CSA), 40 μM z-VAD-fmk + 25 μM E64d + 0.25 μM ALLN + 50 μM Cyclosporin A (CSA) (Z+E+A+C), 4 mM 3-methyladenine (3-MA), 1 μM
Bafilomycin A1 (BAF) or 50 μM chloroquine (CHLQ) for 24 h. Values represent the average of two independent experiments.

4.3. Active mixture (AM)

composition of the AM1 was the following: 0.5 mM L-tryptophan,
0.75 mM L-methionine, 2 mM L-tyrosine disodium salt hydrate, 2.5 mM
L-histidine, 2.5 mM L-phenylalanine, 2.5 mM L-arginine, and the pH was
set to 7.4 with 1 N hydrogen-chloride. The composition of AM2 was the
following: 0.2 mM adenine, 1 mM orotic acid monohydrate, 2.5 mM 2deoxy-D-ribose, 5 mM L-(−)-malic acid, 5 mM sodium hippurate hydrate, 5 mM D-(+)-mannose, and 10.8 mM sodium bicarbonate. The
composition of AM3 was the following: 0.5 mM pyridoxine hydrochloride, 0.5 mM biotin, 0.0025 mM (−)-riboflavin, 0.15 mM L-ascorbic acid, and 0.65 mM sodium bicarbonate. The composition of AM6
was the following: 0.5 mM pyridoxine hydrochloride, 0.5 mM biotin,
1 mM orotic acid monohydrate, 2.5 mM 2-deoxy-D-ribose, 0.0025 mM
(−)-riboflavin, 0.15 mM L-ascorbic acid, and 1.65 mM sodium

The selection of the components of the active mixture 16 (AM16)
and the control mixture (CM) has been described previously [10,11].
The composition of the AM16 was the following: 0.2 mM adenine,
0.5 mM L-tryptophan, 0.5 mM pyridoxine hydrochloride, 0.75 mM Lmethionine, 0.5 mM biotin, 1 mM orotic acid monohydrate, 2.5 mM 2deoxy-D-ribose, 2 mM L-tyrosine disodium salt hydrate, 2.5 mM L-histidine, 2.5 mM L-phenylalanine, 2.5 mM L-arginine, 5 mM L-(−)-malic
acid, 5 mM sodium hippurate hydrate, 5 mM D-(+)-mannose,
0.0025 mM (−)-riboflavin, 0.15 mM L-ascorbic acid, and 8.95 mM sodium bicarbonate. In some experiments the components of the AM16
were divided into subgroups (AM1, AM2, AM3, AM6, and AM10). The
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Fig. 12. Combination of ER stress inhibition with knockdown of BBC3 and PMAIP1 completely abrogates the effect of the AM16. (A) Immunofluorescence pictures of
HeLa cells treated with AM16 or AM16 + 500 nM ISRIB for 24 h. Upper row: live cells were labeled with cytocalcein violet 450 (blue), dead cells were detected with
7-AAD (red). Middle row: EdU labelling (red), Hoechst 33342 (blue). Lower row: TUNEL labelling (red), Hoechst 33342 (blue). Scale bars: 60 μm. (B) Quantification
of the percentage of dead, EdU positive and TUNEL positive cells treated as in panel (A). Bars represent the average ± standard deviation of three independent
experiments. *p < 0.001 vs. CTRL, #p < 0.001 vs. AM16 (ANOVA, Bonferroni test). (C) HeLa cells were transfected with 10 nM siRNA against BBC3 (siBBC3),
10 nM siRNA against PMAIP1 (siPMAIP1), with the combination of 10 nM siBBC3 and 10 nM siPMAIP1, or were mock transfected (Mock). 24 h after transfection
cells were treated with vehicle or 500 nM ISRIB for 1 h, followed by co-treatment with AM16 for 24 h. BBC3 and PMAIP1 mRNA levels were detected with qRT-PCR.
Bars represent the fold change compared to CTRL. Normalized expression values and significance values are provided in Table S5. (D) HeLa cells were transfected and
treated as in panel (C). Bars represent the cell counts per well (average ± standard deviation of three independent experiments). *p < 0.05 vs. CTRL, **p < 0.001
vs. CTRL, #p < 0.05 vs. AM16, ##p < 0.001 vs. AM16 (ANOVA, Bonferroni test).

bicarbonate. The composition of AM10 was the following: 0.5 mM Ltryptophan, 0.75 mM L-methionine, 2 mM L-tyrosine disodium salt hydrate, 2.5 mM L-histidine, 2.5 mM L-phenylalanine, 2.5 mM L-arginine,
0.2 mM adenine, 5 mM L-(−)-malic acid, 5 mM sodium hippurate hydrate, 5 mM D-(+)-mannose, and 7.3 mM sodium bicarbonate.

4.5. Microarray analysis
HeLa cells were treated with AM16 for 3 h, 6 h and 24 h in triplicates. Total RNA was isolated with RNeasy Plus mini kit, RNA quality
was assessed with agarose gel electrophoresis. Microarray hybridization
and initial data processing were performed by Personmed Ltd. (Turku,
Finland) as contract research. In brief, triplicate samples for each time
point were converted into biotin-labeled cRNA and were hybridized to
a Human HT-12 v.4 Expression BeadChip (Illumina) using standard
protocols. Average probe intensities were computed with Genome
Studio (Illumina) and analyzed with the following Bioconductor
packages: affy, limma, gplots, beadarray, lattice, amap, simpleaffy,
xtable, scatterplot3d, ade4 and made4. Data were quantile normalized
and differentially expressed genes were identified with 2-sided t-test
and fold change. Genes with > 1.3 fold change and p value < 0.05
were considered differentially expressed.

4.4. Control mixture (CM)
The CM had the following composition: 0.2 mM hypoxanthine,
0.5 mM L-proline, 0.5 mM nicotinic acid, 0.75 mM glycine, 0.5 mM
thiamine hydrochloride, 1 mM uracil, 2.5 mM D-(−)-ribose, 2 mM Lalanine, 2.5 mM L-serine, 2.5 mM L-valine, 2.5 mM L-asparagine, 5 mM
sodium succinate dibasic hexahydrate, 5 mM betaine, 5 mM D(+)-glucose, 0.0025 mM D-pantotenic acid hemicalcium salt, 0.15 mM
folic acid.
16

Cellular Signalling 65 (2020) 109426

D. Scheffer, et al.

4.6. Gene set enrichment analysis

Hairpin Inhibitor, miRIDIAN microRNA Hairpin Inhibitor Negative
Control miRNAs were transfected at a final concentration of 50 or
200 nM as indicated. The miRIDIAN microRNA hsa-miR-3189-3p
Mimic and miRIDIAN microRNA Mimic Negative Control miRNAs were
transfected at a final concentration of 10 nM. The BBC3 and PMAIP1
silencer select siRNAs were used at a final concentration of 10 nM. At
24 h post-transfection, the transfection medium was removed and
treatment was initiated. At 48 h post-transfection, cells were either
fixed and labeled for cell counting or were harvested and analyzed by
qRT-PCR.

Gene set enrichment analysis (GSEA) was performed with the java
GSEA Desktop Application version 2.2.3 [54,55]. The gene ontology
biological process gene set collection (GO BP) version 5.2 [56] was used
for the enrichment analysis. Upregulated pathways were defined by a
normalized enrichment score (NES) > 3, downregulated pathways
were identified by a NES < -3. Pathways with a false discovery rate
(FDR) p value < 0.25 were considered significantly enriched.
4.7. Quantitative RT-PCR (qRT-PCR)

4.10. Cell counting and immunocytochemistry

Total RNA was isolated with PureLink RNA Mini Kit and was treated
with DNase I. cDNA was prepared with High Capacity RNA-to-cDNA
Kit. PCR primers used for real-time quantitative amplification of the
human housekeeping genes B2M, GAPDH, HPRT1, RPL32, and PPIA
were described previously [57,58]. PCR primers for human APAF1,
BAX, BCL2L1, BIRC2, BIRC3, CASP3, CDKN1A, CDKN2A, IKBKG,
NFKBIA, NFKB1 were also described previously [15]. Total XBP1,
spliced XPB1, and unspliced XBP1 transcripts were quantified with
primers described previously [59]. All other PCR primers were designed
by Primer Express Software, primer sequences are listed in Supplementary Table S7. The expression levels of BBC3, PMAIP1, RPL32 were
measured with TaqMan gene expression assays. RPL32 was used for
normalization. For miRNA analysis, the isolation of small RNA fraction
was done with the miRVana miRNA isolation kit. The expression of
miR-3189-3p and U6 snRNA were measured using TaqMan microRNA
assays following the manufacturer’s instructions. U6 snRNA was used
for normalization. PCR reactions were run in triplicates using PowerUp
SYBR Green Master Mix or Taqman gene expression master mix II, no
UNG on an ABI StepOne Real Time PCR System. The stability of the
expression level of the housekeeping genes was analyzed in preliminary
experiments and RPL32 was chosen for normalization of target gene
expression. Fold change values were calculated by dividing the normalized target gene expression measured in the treated samples by that
of the untreated control samples [60].

HeLa cells were plated and transfected at 2.5 × 103 per well in 96well black-walled, glass bottom plates (Corning, #CLS4580), then
treated as indicated. The cells were fixed with 4 % paraformaldehyde in
PBS for 10 min, then were permeabilized with Triton X-100 for 10 min,
followed by blocking with 5 % goat serum in PBS for 1 h at room
temperature. The antibody against ATF4 diluted in PBS containing 1 %
BSA and 0.05 % Triton-X 100 was applied at 4 °C overnight. After
washing three times with PBS for 5 min, the cells were incubated with
Alexa Fluor 555 Anti-Rabbit IgG diluted as above, in the dark for 1 h at
room temperature. Cells were washed once with PBS for 5 min, and
then the nuclei were counterstained with DAPI (10 ug/ml in PBS) for
5 min. Cells were imaged using an automated, high-content screening
station (Olympus IX83ZDC2 equipped with scan^R software platform,
v2.5.0). In acquisition 25 fields per well and fluorescent channels were
imaged using a 10x objective (UPLSAPO; Olympus, numeric aperture:
0.4; refraction: 1.0; correction: 1.0) and a highly sensitive digital CCD
camera (C8484-05G02, Hamamatsu) to acquire abundant events for
analysis. For the excitation and emission a multiband filter cube
(M4DAFIC3C5, Chroma Technology GmbH) was used with a previously
adjusted exposure time and other technical parameters. The collected
images were analyzed using the Scan^R analysis module where nuclei
were defined on the basis of DAPI staining with intensity gradient based
event recognition and the nuclear intensity of ATF4 was also quantified.
For experiments involving only cell counting, the fixation of the cells
was directly followed by DAPI staining and imaging.

4.8. Western blot
Cells were seeded onto 150 mm Petri dishes at a density of
1.6 × 106 or onto 6-well plates at a density of 1.7 × 105/well.
Following the indicated treatments cells were lysed in ice cold 1X RIPA
buffer containing Protease and Phosphatase Inhibitor Cocktail. Protein
concentrations were measured with the DC protein assay. 30–100 μg
proteins were separated on SDS-polyacrylamide gels and transferred to
nitrocellulose membranes. Membranes were blocked with 5 % non-fat
dry milk (NFDM) or in the case of antibodies against phosphoproteins
with 5 % bovine serum albumin (BSA) in Tris-buffered saline (150 mM
NaCl, 20 mM Tris-base pH 7.6, 0.1 % Tween 20) (TBS-T) for 1 h at room
temperature. Primary antibodies diluted in 5 % NFDM/TBS-T or 5 %
BSA/ TBST-T were applied at 4 °C overnight. HRP-conjugated antirabbit antibody diluted in 5 % NFDM/TBS-T was applied for 1 h at
room temperature. Membranes were developed with LumiGLO chemiluminescent substrate and exposed to x-ray films. Densitometry analysis
was performed with the Image Studio Lite software 5.2.5. Densities
were normalized to the non-phosphorylated forms or β-tubulin for
eIF2α, PERK, IRE1α or ATF6 and BIP, respectively. Full blots are shown
in Supplementary Figs. S1-10.

4.11. Live/dead staining, EdU and TUNEL labeling
HeLa cells were plated at 2.5 × 103 per well in 96-well plates and
treated as indicated. For live/dead staining cytocalcein violet 450 and
7-AAD were used from the Apoptosis/Necrosis detection kit following
the manufacturer’s instructions. For EdU labeling EdU was added at a
final concentration of 10 μM at treatment initiation. The incorporated
EdU was detected with the Click-iT Plus EdU Alexa Fluor 555 imaging
kit following the manufacturer’s instructions. TUNEL was performed
with the use of Click-iT TUNEL Alexa Fluor 594 imaging kit. For EdU
and TUNEL nuclei were labeled with Hoechst 33342 (5 μg/ml). Image
acquisition and analysis was performed as described for immunocytochemistry.
4.12. Determination of combination indexes
Cells were plated in 96-well plates and treated with three point,
two-fold dilution series of the inhibitors, dilution series of the AM16
alone (40–100%), or with the combination of the two higher concentration of inhibitors and 60 %, 80 %, 100 % AM16 for 24 h. Cells
were counted as described for cell counting and the combination indexes were calculated with the Compusyn software [37–39]. The following inhibitors were tested (starting concentration of the dilution
series in brackets): deferoxamine (100 μM), ferrostatin-1 (20 μM),
trolox (300 μM), 2-mercaptoethanol (20 μM), U0126 (20 μM), necrostatin-1 (10 μM), necrosulfonamide (5 μM), z-VAD-fmk (80 μM), E64d
(50 μM), ALLN (500 nM), cyclosporine A (10 μM), 3-methyladenine

4.9. Reverse transfection
HeLa cells were reverse transfected in 96-well plates at a density of
2.5 × 103cells per well or in 6-well plate at a density of 1.7 × 105 using
DharmaFECT 1 according to the manufacturer’s instructions. GDF15,
ATF3 and negative control siRNAs were used at a final concentration of
50 or 100 nM as indicated. The miRIDIAN microRNA hsa-miR-3189-3p
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(4 mM), bafilomycin A1 (1 μM), chloroquine (50 μM). Erastin was used
at 2.5–10 μM concentrations. Necroptosis was induced with 20 ng/ml
TNF-α + 20 μM z-VAD-fmk + 500 nM BV6 (Smac mimetic).
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4.13. Statistical analysis
Statistical analysis was performed with IBM SPSS Statistics 22 using
the statistical tests specified in the figure legends. Normal distribution
of the data was evaluated with Shapiro-Wilk test. Homogeneity of
variances was assessed with Levene-test. For normally distributed
variables with equal variances p values were calculated with one-way
analysis of variance (ANOVA) followed by Bonferroni post hoc test. For
normally distributed variables with unequal variances p values were
calculated with Welch test followed by Games-Howell test. P values less
than 0.05 were considered statistically significant. For the quantification of nuclear intensity of ATF4 n represents the number of nuclei
analyzed.
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