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Various small molecule pharmacologic agents with different known functions produce similar outcomes in
diverse Mendelian and complex disorders, suggesting that they may induce common cellular effects.
These molecules include histone deacetylase inhibitors, 4-phenylbutyrate (4PBA) and trichostatin A, and
two small molecules without direct histone deacetylase inhibitor activity, hydroxyurea (HU) and sulfora-
phane. In some cases, the therapeutic effects of histone deacetylase inhibitors have been attributed to an in-
crease in expression of genes related to the disease-causing gene. However, here we show that the
pharmacological induction of mitochondrial biogenesis was necessary for the potentially therapeutic effects
of 4PBA or HU in two distinct disease models, X-linked adrenoleukodystrophy and sickle cell disease. We
hypothesized that a common cellular response to these four molecules is induction of mitochondrial biogen-
esis and peroxisome proliferation and activation of the stress proteome, or adaptive cell survival response.
Treatment of human fibroblasts with these four agents induced mitochondrial and peroxisomal biogenesis as
monitored by flow cytometry, immunofluorescence and/or western analyses. In treated normal human fibro-
blasts, all four agents induced the adaptive cell survival response: heat shock, unfolded protein, autophagic
and antioxidant responses and the c-jun N-terminal kinase pathway, at the transcriptional and translational
levels. Thus, activation of the evolutionarily conserved stress proteome and mitochondrial biogenesis may
be a common cellular response to such small molecule therapy and a common basis of therapeutic action
in various diseases. Modulation of this novel therapeutic target could broaden the range of treatable diseases
without directly targeting the causative genetic abnormalities.

INTRODUCTION

Many small molecules are under investigation as potential
therapeutic agents for a spectrum of Mendelian and complex
genetic disorders. Screens for small molecules typically
target a specific cellular pathway related to, or implicated in,
a particular disorder. However, various small molecules with
different known mechanisms of action, including histone dea-
cetylase inhibitors (HDACi) and those that do not inhibit
histone deacetylases, produce similar favorable outcomes in
a wide variety of heterogeneous diseases affecting different
classes of proteins, different cell types and different molecular
pathways (Table 1). This challenges our understanding of the
role of the known mechanisms of action for this group of small
molecules.

The class I and II HDACi, 4-phenylbutyrate (4PBA) and tri-
chostatin A (TSA), have been extensively studied. In some
cases, the beneficial effect of HDACi treatment was attributed
to an increase in the expression of genes related to, or compen-
sating for, the primary disease-causing gene (1,2).

Our studies of X-linked adrenoleukodystrophy, a neuro-
logical disorder, support the possibility that the observed
therapeutic overlap of HDACi and other small molecules
may be due to modulation of general cellular functions
rather than direct targeting of compensatory targets. Both
4PBA and TSA treatment normalize the abnormally high
levels of very long-chain fatty acids in human X-linked
adrenoleukodystrophy fibroblasts and the X-linked adrenoleu-
kodystrophy (Abcd1 -/Y) mouse model in vivo (3). 4PBA,
but not TSA, increased the expression of the peroxisomal

∗To whom correspondence should be addressed. Tel: +1 4109554160; Fax: +1 4105025677; Email: smithk@jhmi.edu

# The Author 2012. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oup.com

Human Molecular Genetics, 2012, Vol. 21, No. 19 4237–4252
doi:10.1093/hmg/dds247
Advance Access published on July 2, 2012

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/21/19/4237/585792 by guest on 12 June 2022



ATP-binding cassette transporter gene ABCD2, whose func-
tion overlaps that of the defective peroxisomal gene ABCD1
(4). Thus, ABCD2 induction cannot explain and is not neces-
sary for the reduction in very long-chain fatty acid levels in
all instances. However, 4PBA treatment of X-linked adreno-
leukodystrophy fibroblasts also increased mitochondrial and
peroxisomal biogenesis, organelles required for cellular de-
toxification and stress sensing (1,3). Furthermore, we have
shown that peroxisome proliferation induced by 4PBA is de-
pendent on peroxisome biogenesis factor 11 alpha (PEX11a)
(5). Unlike PEX11b which is required for constitutive peroxi-
some abundance, PEX11a induces peroxisome proliferation in
response to external stimuli or stress (6). Together, these data
suggested the pharmacological involvement of cellular stress
responses and prompted us to monitor the induction of the
generalized cellular stress response, also known as the adap-
tive cell survival response, by small molecule treatment (7).

The cellular stress response protects against damage and
promotes viability by adapting cells to their environment
and has been conserved from archaea to eukaryotes (7). This
response modulates the activity of molecular chaperones and
proteins that affect reduction–oxidation regulation, sense
and repair DNA damage, and are involved in protein degrad-
ation, and fatty acid, lipid and energy metabolism. Stimulation
of these adaptive survival pathways readjusts the cell to
various stressors and restores cellular homeostasis by inducing
the heat shock response (HSR), the unfolded protein response
(UPR), the autophagic response, the antioxidant response and
mitochondrial and peroxisomal biogenesis. Activation of the
UPR and autophagy, proteostatic components of the stress

response and modulation of mitochondrial energetics can alle-
viate symptoms of neurodegenerative and aging disorders and
extend the lifespan of model organisms (8–10). The work pre-
sented here and that done by others in assorted disease models
expands upon this approach to therapy by suggesting that joint
activation of the stress proteome and the subsequent re-
establishment of homeostasis may be beneficial in a broad
range of diseases and account for the observed therapeutic
overlap of diverse small molecules.

We investigated the potential of four small molecules with
overlapping therapeutic benefits (Table 1), but different known
functions, to induce the adaptive cell survival response. The
primary known modes of action and the clinical utility of
these small molecules: 4PBA, TSA, hydroxyurea (HU) and
sulforaphane (SFN) are listed in Table 2. Our studies show
that at concentrations minimally affecting cellular prolifer-
ation, these four drugs increase mitochondrial biogenesis and
peroxisome proliferation in normal, X-linked adrenoleukody-
strophy, and spinal muscular atrophy human fibroblasts as
well as human K562 erythroleukemic cells. We found that
these four pharmacological agents induced primary pathways
that constitute the cytoprotective stress proteome. SFN treat-
ment of spinal muscular atrophy cells increased full-length ex-
pression of spinal motor neuron 2 (SMN2) mRNA and SMN
protein levels. Inhibition of the c-jun N-terminal kinase
(JNK) pathway, autophagy, mitochondrial biogenesis and
sirtuin 1 (SIRT1) activity blocked the therapeutic induction
of full-length SMN2 mRNA and SMN protein expression pro-
viding evidence that the therapeutic effects of these pharmaco-
logical agents result from stimulation of the adaptive cell
survival response and the reestablishment of cellular homeo-
stasis. Screening for agents that induce these common cellular
responses could identify clinically efficacious molecules,
expand the repertoire of currently treatable diseases to
include those with unknown genetic etiology and shorten the
time to treatment for some diseases.

RESULTS

HU and SFN do not inhibit class I and II HDACs

Since two of the small molecules under study, 4PBA and TSA,
are known to directly inhibit histone deacetylase activity in
vitro (11), we tested if the inhibition of class I and II HDAC
activities is a shared biochemical function that could account
for the common cellular effects of all four agents. Using
lysates from HeLa cells and primary human fibroblasts, an
in vitro colorimetric assay of HDAC activity was performed
at two concentrations of each drug: that used to treat

Table 1. Similar therapeutic responses of diverse small molecules in various
disease models

Disease model studied Small molecule Therapeutic effect

Huntington’s disease (2,62) 4PBA, TSA Reduce
neurodegeneration;
increase survival

Alzheimer’s disease (63,64) 4PBA, SFN Reduce b-amyloid
toxicity; prevent
neuronal cell death

Diabetes (51,65,66) 4PBA, TSA, SFN Hyperglycemia
normalization;
improve glucose
utilization

Sickle cell disease (57) 4PBA, HU, TSA Increase F-cell
production

X-linked adrenoleukodystrophy
(3)

4PBA, TSA Decrease very
long-chain fatty
acid levels

Spinal muscular atrophy (41) 4PBA, HU, TSA Increase percentage
of full-length
SMN2 transcript

Fragile X mental retardation
(67,68)

4PBA, HU, TSA Increase transcription
of FMR1

Ischemia (69,70) 4PBA, SFN Protection via
antioxidant
pathway

Cystic fibrosis (71,72) 4PBA, TSA Increase proper
protein trafficking

4PBA, 4-phenylbutyrate; TSA, trichostatin A; SFN, sulforaphane; HU,
hydroxyurea.

Table 2. Small molecules under investigation

Small molecule Known mode of action Used clinically

4-phenylbutyrate Histone deacetylase inhibitor Yes, orally
Trichostatin A Histone deacetylase inhibitor No
Hydroxyurea Ribonucleotide reductase

inhibitor
Yes, orally

Sulforaphane Phase II detoxification enzyme
inducer

Yes, clinical trials,
orally
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primary human fibroblasts in the experiments reported here,
which minimally affects growth, and 10 times that concentra-
tion, which is lethal in cell culture. As expected, 4PBA and
TSA significantly decreased HDAC activity compared with
untreated HeLa and human fibroblast lysates at both concen-
trations (Fig. 1A and B). However, neither concentration of
HU nor SFN reduced class I or II HDAC activity in lysates.
Therefore, pharmacological inhibition of HDAC activity is
not a common biochemical activity that accounts for the
observed therapeutic overlap of these small molecules. This
observation further supports the possibility that the overlap-
ping therapeutic potential of these four small molecules is
the induction of a common cellular response(s).

We note that Myzak et al. (12) demonstrated a physiologic-
al increase in histone acetylation after SFN treatment of whole
cells or mice in vivo. However, this may reflect an indirect
change in gene expression in response to drug treatment and
not direct biochemical inhibition of HDAC enzymatic activity
by SFN.

Small molecule induction of mitochondrial biogenesis and
peroxisome proliferation

We previously showed that 4PBA treatment of fibroblasts from
healthy individuals, X-linked adrenoleukodystrophy patients
and patients with peroxisomal biogenesis disorders increased
mitochondrial mass and peroxisome proliferation 2–3-fold
(1,3,13). Since 4PBA, HU, TSA and SFN have overlapping
therapeutic potential in a variety of disorders (Table 1), we broa-
dened the examination of small molecule induction of

mitochondrial biogenesis and peroxisome proliferation and
treated normal human fibroblasts with 4PBA, HU, TSA or
SFN for 5 days. Drug concentrations were titrated to allow
100% viability and minimally affect cellular proliferation.
Both mitochondrial and peroxisomal biogenesis were monitored
by immunofluorescence. Staining for a mitochondrial mem-
brane protein, ATP synthase beta subunit (ATP5B) and for
the 70 kDa peroxisomal membrane protein, ABCD3, revealed
drug-induced increases in mitochondrial biogenesis and peroxi-
some proliferation by all four agents (Fig. 2A; see Fig. 3B for
quantitative estimates of similar images). This identified mito-
chondrial biogenesis and peroxisome proliferation as a
common cellular response to treatment with these small mole-
cules. It is unclear how these cellular responses relate to
direct HDAC inhibition or the known functions of HU and SFN.

Beneficial effects of 4PBA in X-linked
adrenoleukodystrophy cells require increased
mitochondrial function

We previously found that 4PBA-induced peroxisomal very
long-chain fatty acid (.C22:0) b-oxidation (degradation) is
dependent on mitochondrial long-chain fatty acid (C16:0)
b-oxidation (3). To determine whether 4PBA-induced peroxi-
somal very long-chain fatty acid b-oxidation is dependent on
mitochondrial function, mitochondrial function was chemical-
ly inhibited with antimycin A, a cytochrome c reductase in-
hibitor that inhibits the mitochondrial electron transport
chain, mitochondrial biogenesis and, thus, cellular respiration
(14). The concentration of antimycin A was titrated to minim-
ally affect basal levels of long-chain fatty acid and very long-
chain fatty acid b-oxidation and did not exhibit any observable
cellular toxicity or affect cellular proliferation. Treatment of
X-linked adrenoleukodystrophy fibroblasts with
4PBA-induced long-chain fatty acid and very long-chain
fatty acid b-oxidation (Fig. 2B) and increased carbon
dioxide release (15). However, in the presence of antimycin
A, the 4PBA induction of mitochondrial long-chain fatty
acid b-oxidation was inhibited and this concomitantly
blocked the induction of peroxisomal very long-chain fatty
acid b-oxidation. Thus, pharmacologically induced reduction
in peroxisomal very long-chain fatty acid levels by 4PBA
treatment is not only dependent on mitochondrial long-chain
fatty acid b-oxidation, but is more generally dependent on
increased mitochondrial energy production. This evidence
highlights the importance of small molecule-induced mito-
chondrial biogenesis for eliciting a potentially therapeutic
disease outcome.

Beneficial effects of sodium butyrate and HU in a
b-hemoglobinopathy model require induced mitochondrial
biogenesis

The clinical severity of b-hemoglobinopathies, such as sickle
cell disease and b-thalasemmia, is ameliorated by increasing
the number of fetal hemoglobin (HbF)-containing cells
(F-cells), thus elevating total HbF levels in peripheral blood
(16). Sodium butyrate (SB, an analog of 4PBA) and HU have
been shown to increase HbF levels in several contexts: in
sickle cell disease and b-thalasemmia patients, in K562 cells,

Figure 1. HU and SFN do not inhibit class I and class II histone deacetylase
(HDAC) activities. HDAC activity was measured by an in vitro colorimetric
assay using whole cell extracts from HeLa cells or normal human fibroblasts.
A decrease in A405 correlates with a reduction in HDAC activity. ∗P ≤
0.00009; paired t-test. Bars ¼ SEM for n ≥ 3 independent experiments per-
formed in triplicate.
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and in CD34+ derived hematopoietic stem cells (17). To further
assess the pharmacological commonality of the induction of
mitochondrial and peroxisomal biogenesis in a disease model
unrelated to the neurological disease X-linked adrenoleukody-
strophy, we studied these responses in K562 cells, an erythroleu-
kemic cell line that produces HbF and is commonly used as a
model of the induction of F-cell production.

K562 cells were treated with SB and HU for 4 to 10 days.
Flow cytometric analyses demonstrated that both SB and
HU significantly increased mitochondrial mass, peroxisomal
proliferation and the number of HbF-producing cells
(Fig. 2C–E). To determine whether the induction of mito-
chondrial biogenesis by SB or HU treatment is necessary for

the induction of HbF-producing cells, K562 cells were
treated with SB or HU in the presence or absence of antimycin
A. The concentration of antimycin A was again titrated to min-
imally affect basal levels of HbF-producing cells, did not
exhibit any observable cellular toxicity and did not affect cel-
lular proliferation. The induction of mitochondrial biogenesis
and the induction of HbF-producing cells by SB or HU treat-
ment were significantly inhibited by antimycin A (Fig. 2C and
E). This observation indicates dependence of the beneficial
effect, elevated HbF levels, on induced mitochondrial biogen-
esis. Thus, pharmacological induction of mitochondrial bio-
genesis by SB or HU may also be central for the therapeutic
effects observed in sickle cell disease patients.

Figure 2. Pharmacological induction of mitochondrial function is necessary for beneficial responses in X-linked adrenoleukodystrophy and K562 cells. (A) Im-
munofluorescence staining for mitochondrial membrane protein ATP5B (top) and the peroxisomal membrane protein ABCD3 (bottom). Normal human fibro-
blasts were treated with each drug for 5 days and cells from the same treated cell population stained with either anti-ATP5B or anti-ABCD3. An increase in
fluorescence indicates an increase in mitochondrial mass or peroxisome proliferation, respectively. ×400 magnification. In-cell western quantitation of
induced mitochondrial biogenesis in normal human fibroblasts is shown in Figure 3B. (B) Very long-chain fatty acid analysis. X-linked adrenoleukodystrophy
fibroblasts were treated with 4PBA in the presence or absence of antimycin A (AA), a cytochrome c reductase inhibitor, for 5 days and b-oxidation levels of
long-chain fatty acid (LCFA; C16:0) and very long-chain fatty acid (VLCFA; C24:0) levels were measured in duplicate. (C–E) K562 cells were treated with SB,
HU or PBS as a control (CON) in the presence or absence of antimycin A (AA). N ≥ 3 unless otherwise noted. (C) Flow cytometric analysis of mitochondrial
mass. After 2–4 days of drug treatment, mitochondria were stained with Mitotracker, a mitochondrion-selective dye, and mitochondrial mass measured by flow
cytometry. The fold change (drug treated/control) in mitochondrial mass is shown. (D) Flow cytometric analysis of peroxisome proliferation. After 8–10 days of
drug treatment, peroxisome proliferation was measured by flow cytometry using an antibody against the peroxisomal membrane protein PEX14 and a
FITC-labeled secondary antibody. The fold change (drug treated/control) in peroxisome staining is shown. (E) Analysis of HbF-producing cell production.
After 4 days of drug treatment, cells were stained with 2,7-diaminofluorene (DAF) to measure HbF content. The percent of cells producing HbF (DAF-stained
cells) is plotted. ∗A statistically significant increase in a measurement between drug-treated and control samples or a statistically significant decrease in a meas-
urement between drug-treated and drug-treated samples in the presence of AA (P ≤ 0.05). Bars ¼ SEM.
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Pharmacological induction of mitochondrial biogenesis is
dependent on the JNK pathway

Since small molecule induction of mitochondrial biogenesis
was necessary for the beneficial effects of 4PBA, SB or HU
in models of X-linked adrenoleukodystrophy and sickle cell
disease, we examined the known mitochondrial biogenesis

pathways. Mitochondrial biogenesis can be stimulated by
various signaling pathways that activate the transcription
factors peroxisome proliferator-activated receptor gamma
coactivator-1 alpha and beta (PGC1a and PGC1b, respective-
ly) (18). To determine whether the induction of mitochondrial
biogenesis by small molecules required the activation of a
common kinase cascade or endothelial nitric oxide synthase,

Figure 3. Mitochondrial biogenesis induced by 4PBA, HU, TSA or SFN is JNK-dependent. (A–D) JNK inhibitor SP600125 (10 mM). (A) Immunofluorescence
staining for mitochondrial membrane protein ATP5B. X-linked adrenoleukodystrophy (XALD) fibroblasts were treated with each drug for 4 days with (top row;
-JNK inh) or without SP600125 (bottom row; +JNK inh). ×400 magnification. (B) Quantitation of pharmacological induction of mitochondrial biogenesis.
Normal human fibroblasts were treated with each drug with (+ inh) or without SP600125 for 6 days. Mitochondrial mass was quantitated via in-cell
western analyses using anti-ATP5B staining, a mitochondrial membrane marker. Untreated values were normalized to 1 and the relative mitochondrial mass
plotted. Mitochondrial mass significantly increased 2.4-fold, 1.8-fold, 2.5-fold and 2.2-fold with 4PBA, HU, TSA or SFN treatment, respectively, compared
with untreated cells. (C and D) JNK inhibition of mitochondrial biogenesis and HbF-containing cell production. K562 cells were treated for 4 days with HU
in the presence (+ inh) or absence of SP600125 or PBS as a control (CON). (C) Mitochondrial mass (plotted as in Fig. 1C) and (D) the percent of cells producing
HbF were determined by staining with Mitotracker and DAF, respectively (n ¼ 2). (E) mRNA expression of JUN and mitochondrial transcription factors PGC1a
and PGC1b by RT-PCR. The relative gene expression for each treatment compared with untreated normal human fibroblasts was calculated and the fold change
(drug treated/untreated) is shown. Untreated values were normalized to 1. Measurements of PGC1a and PGC1b levels represent the average of two or more
measurements after 5 days and one treatment after 48 h of treatment. Measurements of PGC1a and PGC1b after SFN treatment were performed twice in du-
plicate. (F) Immunoblot analysis of JNK phosphorylation (46 kDa). Treatment of normal human fibroblasts was initiated at the indicated times prior to cell
collection. The mean of the maximum protein expression observed within a 24 h treatment interval for three or more independent experiments is shown as
fold change (drug treated/untreated). Actin (43 kDa) was the loading control. M denotes the marker lane. 0.05 ≤ P ≤ 0.10 for 4PBA and TSA treated
samples. ∗Statistically significant increase in a measurement between drug treated and untreated or control samples or a statistically significant decrease in a
measurement between drug-treated and drug-treated samples in the presence of SP600125 (P ≤ 0.05). N ≥ 3 independent experiments unless otherwise
noted. Bars ¼ SEM. See also Supplementary Material, Table S1.
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X-linked adrenoleukodystrophy fibroblasts were treated with
at least one of the inducing drugs and inhibitors of various
kinases or endothelial nitric oxide synthase (Supplementary
Material, Table S1). Inhibition of pathways including p38
mitogen-activated kinase, extracellular-regulated kinase,
mitogen-activated kinase kinases 1 and 2, adenosine mono-
phosphate kinase, protein kinase C, phosphoinositide-3-kinase
and endothelial nitric oxide synthase, had no effect on
drug-induced mitochondrial biogenesis (data not shown).
However, inhibition of the stress-activated protein kinase
pathway, otherwise known as the JNK pathway, with
SP600125 (19) reduced pharmacological induction of mito-
chondrial biogenesis by 4PBA, HU, TSA and SFN to levels
not significantly different from untreated cells as demonstrated
by immunofluorescence staining and quantitative in-cell
western analyses in treated X-linked adrenoleukodystrophy
or normal human fibroblasts, respectively (Fig. 3A and B).
4PBA, HU, TSA or SFN treatment alone significantly
increased mitochondrial mass as indicated by an increase in
ATP5B staining (Fig. 3B).

To determine whether activation of the JNK pathway was
necessary for a therapeutic response, we assayed HbF produc-
tion by HU in the presence and absence of the JNK inhibitor.
In K562 cells, the JNK inhibitor SP600125 (19) also blocked
HU-induced mitochondrial biogenesis and consequently
HbF-producing cell production (Fig. 3C and D; SB not
tested). In fully competent hematopoietic stem cells,
HU-stimulated F-cell production was similarly dependent on
the JNK pathway (data not shown). The JNK pathway is acti-
vated by external stressors and stimuli such as heat shock,
osmotic shock and ultraviolet irradiation (20). Therefore, the
induction of mitochondrial biogenesis is a common response
to 4PBA, HU, TSA and SFN treatment and each induction
is dependent on the same cytoprotective pathway, the JNK
pathway.

Activation of the JNK pathway leads to activation of the
transcription factor JUN via phosphorylation. JUN transcript
levels were significantly increased after 6 h of treatment
with 4PBA, HU or TSA (Fig. 3E). JUN transcript levels
were not consistently changed after SFN treatment.
However, JNK phosphorylation, a marker of JNK pathway ac-
tivation, was increased within 24 h of treatment with each
drug, including SFN (Fig. 3F). PGC1a and PGC1b maintain
basal levels of mitochondria and their transcription was sig-
nificantly increased after 48 h or longer of treatment with
each of the four small molecules (Fig. 3E). Of note, PGC1a
can induce mitochondrial biogenesis under physiological
stresses such as during adaptive thermogenesis, endurance ex-
ercise or fasting (21). Thus, treatment with 4PBA, HU, TSA or
SFN activated the stress-activated JNK pathway and increased
transcription of the stress–responsive mitochondrial transcrip-
tion factor PGC1a.

Small molecule activation of the adaptive cell survival
response

In three different cell types (normal human fibroblasts,
X-linked adrenoleukodystrophy fibroblasts, and K562 cells)
inhibition of the stress-activated JNK pathway blocked the
small molecule induction of mitochondrial biogenesis, a

necessary response for the reduction of very long-chain fatty
acid levels in X-linked adrenoleukodystrophy cells and for
the increase in HbF levels in K562 cells. Mitochondria play
a key role in cellular adaptation to stress, suggesting that a
common cellular response to these pharmacological agents
may be stimulation of the stress proteome or adaptive cell sur-
vival response. To test this hypothesis, expression of key com-
ponents of the HSR, UPR, the autophagic response and the
antioxidant response were monitored at the transcriptional,
translational and/or post-translational levels. These responses
are known to be transiently activated in response to various
cellular stressors; and the degree of induction of each compo-
nent can vary depending on the metabolic state of the cell (e.g.
confluency, cell passage number) (7,22,23). Due to the transi-
ent nature of these responses, key components of each
pathway were monitored at several time points within a 24 h
treatment interval in at least two normal human fibroblast
lines and in three or more independent experiments. We
report the increase in mRNA expression after 2, 6 or 18 h of
treatment and the average of the maximal increase in protein
expression within a 24 h time frame after treatment compared
with the untreated samples (n ≥ 3). Activation of each
pathway was assessed by an increase in one or more compo-
nents of each pathway.

Activation of the HSR

Induction of the HSR is a hallmark of the adaptive cell sur-
vival response (24). To evaluate its activation, the expres-
sion of heat shock protein (HSP) 40, 70 and 90 family
members was monitored. 4PBA, TSA or SFN increased tran-
scription of HSP 70 kDa protein 1A (HSPA1A) and all four
drugs increased transcription of DNAJ HSP40 homolog sub-
family C member 3 (DNAJC3) and HSP 90 kDa class A
member 1 (HSP90AA1; Fig. 4A). HSPA1A transcript expres-
sion was not stimulated by HU treatment at the time points
examined. However, total HSP70 and HSP90 protein levels
were significantly increased with all four agents (Fig. 4B).
The pharmacological induction of HSR mRNA and protein
expression was similar to that caused by mild heat shock
(25). Thus, the HSR was activated by 4PBA, HU, TSA or
SFN treatment.

Activation of the UPR

UPR markers evaluated included the central UPR regulator
glucose regulated protein 78 (BIP) and key components that
are stimulated after the activation of the three endoplasmic re-
ticulum transmembrane receptors: PERK, inositol requiring 1
(IRE1) and activating transcription factor 6 (24). Elongation
initiation factor 2 alpha (eIF2a) is phosphorylated by PERK,
attenuates general translation and induces activating transcrip-
tion factor 4 (ATF4). CHOP promotes reactivation of PERK.
XBP1 mRNA is non-canonically spliced by the endonuclease
activity of IRE1 upon UPR activation. BIP expression was sig-
nificantly increased at the transcriptional and translational
levels after treatment with 4PBA, HU, TSA or SFN (Fig. 5A
and B). Treatment with these small molecules also increased
ATF4 and CHOP mRNA expression (Fig. 5A), modestly
increased eIF2a phosphorylation (Fig. 5B) and increased the
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total amount of XBP1 protein and the amount of activated
XBP1 protein from the correctly spliced mRNA (Fig. 5C).
Thus, the pro-survival capabilities of all three UPR branches
were activated at the transcriptional, post-transcriptional,
translational and/or post-translational levels by treatment
with these agents.

Activation of autophagy

Adverse growth conditions increase the energetic demand on a
cell stimulating the catabolic processes of autophagy to
promote utilization of damaged and excess proteins and
damaged organelles for cellular nutrients (26). To monitor ac-
tivation of autophagy, we examined the expression of three
classical autophagy markers, beclin-1 (BCN1), autophagy
protein 5 (ATG5) and microtubule-associated protein 1 light
chain 3 (LC3 or APG8). Autophagosome formation is signaled
by the phosphorylation of BCN1 by JNK1 and is dependent on
the conjugation of ATG5 and ATG12 and the cleavage

(LC3-I) and phosphatidylethanolamine lipidation (LC3-II) of
APG8. BCN1 and ATG5 mRNA levels increased with 4PBA,
TSA or SFN treatment (Fig. 6A). After HU treatment, ATG5
mRNA levels also increased, but BCN1 mRNA levels were
not reproducibly changed within 6 h of treatment. Treatment
with each of these small molecules significantly increased
the proportion of LC3-II to LC3-I, a hallmark of autophagy ac-
tivation (Fig. 6B). Therefore, the autophagy pathway is acti-
vated by treatment with each of the four agents.

Activation of the antioxidant response

The antioxidant response detoxifies the cell and regulates re-
duction–oxidation (redox) homeostasis by neutralizing the
effects of reactive oxygen and nitrogen species, second mes-
sengers of the adaptive cell survival response (24). We exam-
ined the expression of three key components, nuclear factor
erythroid 2-like 2 (NFE2L2), heme oxygenase 1 (HMOX1)
and superoxide dismutase 2 (SOD2). NFE2L2, a transcription

Figure 4. The HSR is induced by 4PBA, HU, TSA or SFN treatment. (A) RT-PCR analyses of mRNA expression of HSR genes. Normal human fibroblasts were
treated and the mRNA expression of HSPA1A (HSP70), DNAJC3 (HSP40) and HSP90AA1 (HSP90) was measured and plotted as in Figure 2E. The P-value for
the SFN DNAJC3 measurements is 0.10. (B) Immunoblot analyses of HSP expression. Normal human fibroblasts were treated at various time points and stained
with antibodies that detect all HSP70 or all HSP90 family members. The mean of the maximum protein expression observed within a 24 h treatment interval for
three or more independent experiments was calculated. The fold change (drug treated/untreated) is plotted for total HSP70 (70 kDa) and total HSP90 (90 kDa)
protein levels. Actin (43 kDa) was used as a loading control. UT, untreated cells. ∗Statistical significance (P ≤ 0.05). Bars ¼ SEM for n ≥ 3 independent
experiments.
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factor that binds the antioxidant response element, is known to
be involved in the chemoprotective response provided by SFN
(12). After treatment with 4PBA, HU, TSA or SFN, NFE2L2
and SOD2 mRNA levels increased (Fig. 7A). HMOX1 mRNA
levels significantly increased with HU, TSA or SFN treatment
and significantly decreased with 4PBA treatment. SOD2
protein levels also significantly increased (Fig. 7B). Thus, cel-
lular antioxidant defense mechanisms were induced at the
transcriptional and translational levels by treatment with
each of these small molecules.

Beneficial effects of SFN in spinal muscular atrophy cells
are dependent on the JNK pathway, autophagy,
mitochondrial biogenesis and SIRT1 activity

To determine which of the drug-induced stress pathways are
necessary for the therapeutic effects of these small molecules,
we studied their effects in spinal muscular atrophy fibroblasts.
Ninety-five percent of spinal muscular atrophy patients have a
homozygous deletion of the telomeric SMN1 (chr 5q13) gene
or gene conversion at exon 7 or 8 (27). However, patients have
one or more copies of a centromeric SMN1 pseudogene,

Figure 5. The UPR is activated by 4PBA, HU, TSA or SFN treatment. (A) RT-PCR analyses of mRNA expression of UPR genes. Normal human fibroblasts
were treated with each drug as indicated. The expression of the UPR genes ATF4, CHOP and BIP was measured as described in Figure 2E. (B) Immunoblot
analyses of UPR protein expression. Normal human fibroblasts were treated at various time points. The maximum protein expression observed within a 24 h
interval was determined; and the mean of three or more independent experiments plotted as fold change (drug treated/untreated) for BIP (78 kDa) and phos-
phorylated eIF2a (38 kDa). Actin (43 kDa) was used as a loading control and is the same blot as Figure 2F. UT denotes untreated cells. M denotes marker
lane. (C) XBP1 splicing. Normal human fibroblasts were treated. The expression of the unactivated/unspliced form (XBP1-us; 33 kDa) and the activated/
spliced form of XBP1 (XBP1-s; 54 kDa) was analyzed by immunoblotting. XBP1-s is a larger protein than XBP1-us due to non-canonical mRNA splicing
which results in a larger carboxy-terminal domain. The percentage of XBP1-s to XBP1-us increased with each treatment as shown (24 h time point). The
mean of the maximum expression of XBP1-s within a 24 h treatment interval is plotted as in Figure 5B. Actin was used as a loading control. P ¼ 0.08 for
the TSA treated values. ∗Statistical significance (P ≤ 0.05). Bars ¼ SEM for n ≥ 3 independent experiments.
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SMN2. Compared with SMN1, SMN2 has a C to T transition
within an exonic splice enhancer that results in the skipping
of exon 7 (SMND7) and an unstable protein that is degraded
(28,29). Only 15–30% of SMN2 transcripts include exon 7
and are full length (FL-SMN). Since the clinical severity of
spinal muscular atrophy patients inversely correlates with

the levels of FL-SMN transcript and SMN protein, therapeutic
strategies that increase FL-SMN and SMN protein production
offer promise.

Others have previously shown that treatment of spinal mus-
cular atrophy cell lines and/or mouse models with three of the
four drugs studied here, 4PBA, HU or TSA, results in

Figure 6. Autophagy is induced by 4PBA, HU, TSA or SFN treatment. (A) RT-PCR analyses of mRNA expression of autophagy genes. Normal human fibro-
blasts were treated as indicated. The expression of BCN1 and ATG5 was measured as described in Figure 2E. ATG5 mRNA levels after TSA treatment were
measured in two independent experiments in duplicate. The P-value for the ATG5 HU-treated samples is 0.10. The P-values for the BCN1 HU and SFN
samples are 0.23 and 0.06, respectively. (B) Immunoblot analyses of the cleavage and lipidation of autophagy protein APG8. Upon activation of autophagy,
the APG8 protein (LC3-I; 17 kDa) is cleaved and lipidated (LC3-II; 13 kDa). Normal human fibroblasts were treated and the mean of the maximal increase
in the proportion of LC-II to LC3-I within a 24 h treatment interval for three or more independent experiments is plotted as fold change (drug treated/
untreated). A representative immunoblot is shown (24 h time point). Actin (43 kDa) was used as a loading control. UT denotes untreated cells. ∗Statistical sig-
nificance (P ≤ 0.05). Bars ¼ SEM for n ≥ 3 independent experiments unless otherwise noted.

Figure 7. The antioxidant response is induced by 4PBA, HU, TSA or SFN treatment. (A) RT-PCR analyses of mRNA expression of antioxidant genes. Normal
human fibroblasts were treated for 18 h. The expression of NFE2L2, HMOX1 and SOD2 was measured as described in Figure 2E. The P-value for the NFE2L2
HU measurements was 0.11. (B) Immunoblot analyses of SOD2 protein expression. Normal human fibroblasts were treated for 2 to 5 days. The mean of the
relative expression of SOD2 (26 kDa) across three or more independent experiments is plotted for each treatment as fold change (drug treated/untreated).
Actin (43 kDa) was used as a loading control. ∗Statistical significance (P ≤ 0.05). Bars ¼ SEM for n ≥ 3 independent experiments.
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increased FL-SMN transcript expression and increased SMN
protein expression (30–32). If these three small molecules
and SFN share a common therapeutic mechanism, SFN treat-
ment should also increase FL-SMN mRNA and SMN protein
expression. To test the hypothesis that a common effect of
treatment with these four small molecules is induction of the
stress proteome, we examined the induction of mitochondrial
biogenesis by these four small molecules in spinal muscular
atrophy fibroblasts, the effect of SFN treatment on the expres-
sion of FL-SMN mRNA and SMN protein in spinal muscular
atrophy and the ability of inhibitors of the various stress path-
ways to block induction of FL-SMN mRNA and SMN protein
expression.

Similar to treatment of X-linked adrenoleukodystrophy
fibroblasts, K562 cells and normal human fibroblasts, treat-
ment of spinal muscular atrophy fibroblasts with each of the
four small molecules increased mitochondrial biogenesis
as monitored by Mitotracker staining, a cell-permeant
mitochondrion-selective dye (Fig. 8).

Similar to 4PBA, HU or TSA treatment (30–32), SFN treat-
ment significantly increased FL-SMN mRNA expression com-
pared with total SMN transcription (FL-SMN plus SMND7) in
two spinal muscular atrophy type I cell lines (GM09677 two
copies SMN2 and GM00232 one copy SMN2) and one spinal
muscular atrophy type III cell line (96–2906 four copies
SMN2; Fig. 9A) (28). As demonstrated by others, cell lines
with greater numbers of SMN2 gene copies respond better to
treatment.

After SFN treatment, the relative expression of FL-SMN
transcripts increased when normalized to either GAPDH tran-
script levels or to total SMN transcript levels (Fig. 9B).
However, total SMN transcript levels remained unchanged
when normalized to GAPDH transcript levels after treatment.
Therefore, SFN treatment increases the quantity of FL-SMN
transcripts by enhancing the inclusion of exon 7 rather than in-
creasing overall transcriptional expression from the SMN2
gene.

We demonstrated that the reduction in very long-chain fatty
acid levels in X-linked adrenoleukodystrophy fibroblasts by
4PBA was dependent on the induction of mitochondrial bio-
genesis and that the induction of HbF production in K562
cells by HU was dependent on the JNK pathway and mito-
chondrial function (Figs 2B, D and 3D). To determine which
stress pathways are necessary for the increase in FL-SMN pro-
duction, spinal muscular atrophy fibroblasts were co-treated
with SFN and either SP600125, an inhibitor of the JNK
pathway (19), 3-methyladenine, an inhibitor of the autophagy

pathway (33), antimycin A, a mitochondrial inhibitor (14), or
sirtinol, an inhibitor of SIRT1 activity (34). The concentration
of each inhibitor did not affect cell growth or viability. SIRT1,
an NAD+-dependent deacetylase, is known to regulate cellu-
lar stress responses, cellular metabolism and cellular survival
(35). Specifically, SIRT1 inhibition reduces the induction of
HSR genes (23); SIRT1 activity enhances SOD2 expression
(36); SIRT1 negatively regulates the mammalian target of
rapamycin triggering autophagy (37); and SIRT1 activates
mitochondrial biogenesis via the stress–responsive transcrip-
tion factor PGC1a (38). The yeast ortholog Sir2 is necessary
for the induction of mitochondrial biogenesis by 4PBA
or HU in Saccharomyces cerevisiae (39). There were no
marked changes in SIRT1 protein expression after treatment
of normal human fibroblasts with 4PBA, HU, TSA or SFN
(data not shown). However, SIRT1 can be activated by
various post-translational changes. Therefore, we examined
the potential involvement of SIRT1 in the therapeutic
effects of these drugs by inhibition studies. Biochemically
blocking the JNK pathway, the autophagy pathway, induc-
tion of mitochondrial biogenesis and SIRT1 activity pre-
vented the increase in FL-SMN transcript levels in
SFN-treated spinal muscular atrophy fibroblasts indicating
the necessity and potential concerted action of each of
these pathways for the therapeutic response to SFN treatment
(Fig. 9B).

To further demonstrate that induction of these various stress
pathways is necessary for the therapeutic effects of the small
molecules under study, we monitored the expression of total
SMN protein expression after either SFN or HU treatment in
the presence or absence of the stress pathway inhibitors.
After 48–72 h of treatment, SFN increased SMN protein ex-
pression 1.57-fold in spinal muscular atrophy type I fibroblasts
and 1.64-fold in spinal muscular atrophy type III fibroblasts
(Fig. 9C). In separate experiments, HU or SFN treatment
increased SMN protein expression 1.4- and 1.46-fold, respect-
ively (Fig. 9D). The pharmacologically induced increase in
SMN protein expression was significantly reduced by the
various stress pathway inhibitors, indicating that the increase
in SMN protein expression by both HU and SFN was depend-
ent on activation of the JNK pathway, autophagy (not studied
with HU), mitochondrial biogenesis and SIRT1 (Fig. 9D). At
the concentrations used, the stress pathway inhibitors had no
effect on basal levels of SMN protein expression. The magni-
tude of the increases in FL-SMN expression and SMN protein
expression in SFN-treated spinal muscular atrophy cells com-
pared with untreated cells is similar to that observed after

Figure 8. Mitochondrial biogenesis is induced in spinal muscular atrophy fibroblasts by 4PBA, HU, TSA or SFN treatment. Immunofluorescence staining for
mitochondria using Mitotracker Red CMXROS. Spinal muscular atrophy fibroblasts were treated with 2.5 mM 4PBA, 300 mM HU, 100 nM TSA or 2.5 mM SFN
for 5 days. ×80 magnification.
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4PBA, HU or TSA treatment in SMA fibroblasts (30–32).
Since SFN induction of FL-SMN transcript expression and
SMN protein expression is dependent on the JNK pathway,
autophagy pathway, mitochondrial biogenesis and SIRT1,
the therapeutic potential of the activation of the stress prote-
ome may require the concerted action of each of the individual
stress pathways.

SIRT1 activation is not a common mechanism of action of
4PBA, HU, TSA and SFN

To determine whether SIRT1 activation was a common bio-
chemical activity of the small molecules under study, a
fluorescence-based in vitro SIRT1 activity assay was per-
formed with two concentrations of each drug: that used to

Figure 9. The induction of FL-SMN mRNA expression and SMN protein expression by SFN is dependent on the JNK pathway, autophagy, mitochondrial bio-
genesis and SIRT1 activity. (A) RT-PCR analyses of FL-SMN mRNA expression compared with total SMN transcript expression. Type I and type III spinal
muscular atrophy (SMA I or SMA III) fibroblasts were treated with SFN for the indicated times. The relative fold increase in the ratio of FL-SMN/total
SMN transcripts compared with the untreated cell line (normalized to 1) is plotted. Cell lines from left to right are GM09677, GM00232 and 2906. N ≥ 2 in-
dependent experiments. (B) RT-PCR analyses of FL-SMN and total SMN mRNA expression. Spinal muscular atrophy fibroblasts were treated with 1.5 mM SFN
alone for 51 h (SMA I, GM09677) or treated with 0.5 mM SFN for 8 h (SMA III, 2906) with or without 12.5 mM SP600125 (JNK inhibitor), 2.5 mM 3-
methyladenine (autophagy inhibitor, APG), 5 mg/ml antimycin A (mitochondrial inhibitor, MITO) or 3 mM sirtinol (SIRT1 inhibitor). The fold increases in
FL-SMN expression compared with either GAPDH or total SMN expression and the fold increase in total SMN expression compared with GAPDH expression
after SFN treatment is plotted. Untreated values were normalized to 1 and are indicated by the horizontal line. (n ¼ 1 per cell line, performed in duplicate) (C)
Immunoblot analyses of SMN protein expression. Spinal muscular atrophy type I (SMA I; GM09677, n ¼ 7) or type III (SMA III; 2906, n ¼ 2) fibroblasts were
treated with either 1.5 mM SFN or 0.5–2 mM SFN, respectively, for 48–72 h. The average of the relative expression of SMN protein (39 kDa) is plotted. Actin
(43 kDa) was used as a loading control. (D) Summary of the effects of stress pathway inhibitors on SMN protein expression. Spinal muscular atrophy type I
(SMA I; GM09677) fibroblasts were treated with either 300 mM HU (n ¼ 1) or 1.5 mM SFN (n ≥ 3) in the presence or absence of 10 mM SP600125 (JNK inhibi-
tor), 1 mM 3-methyladenine (APG inhibitor), 2–4 mg/ml antimycin A (MITO inhibitor) or 2 mM sirtinol (SIRT1 inhibitor) for 48 h. SMN protein expression was
measured by quantitative immunoblot analyses using actin as a loading control. Fold increases in SMN protein expression are plotted and represented numer-
ically in the table below the graph. Untreated values are normalized to 1. ∗P ≤ 0.05; bars ¼ SEM.

Human Molecular Genetics, 2012, Vol. 21, No. 19 4247

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/21/19/4237/585792 by guest on 12 June 2022



treat normal primary human fibroblasts in the experiments
reported here (low), and 10 times that concentration, which
is lethal in cell culture (high). HU and TSA had no effect on
SIRT1 activity, whereas 4PBA (50 mM; high) and SFN (5
and 50 mM) significantly inhibited SIRT1 activity by 54, 14
and 40%, respectively (Fig. 10). This was a non-cell-based
assay, and therefore, it is difficult to determine the effects of
4PBA and SFN on SIRT1 activity in vivo. Regardless, while
SIRT1 activation may play a role in the induction of cellular
stress responses (36), direct biochemical activation or inhib-
ition of SIRT1 is not necessary for the common pharmaco-
logical induction of the adaptive cell survival response by
all four small molecules.

DISCUSSION

Collectively, these findings demonstrate that pharmacological
agents without known overlapping molecular functions, but
with similar therapeutic potential in a variety of genetic disor-
ders, induce mitochondrial and peroxisomal biogenesis and the
transcription and translation of signature components of the
adaptive cell survival response (HSR, UPR, autophagy and
antioxidant response). Under adverse cellular conditions,
mitochondria either induce the endogenous adaptive cell sur-
vival response reestablishing homeostasis (mild stress) or
induce apoptosis (severe stress) (18). The drugs studied here
exhibit a biphasic or hormetic dose response (40). At the
low doses used they activate the stress proteome and
produce beneficial effects; at higher doses they are cytotoxic.
The pharmacological induction of mitochondrial biogenesis is
consistent with the significant increase in energy expenditure
required for metabolic adaptation to increased cellular stress
(21,40).

Our results demonstrate the therapeutic importance of the
pharmacological induction of mitochondrial biogenesis in
X-linked adrenoleukodystrophy cells and K562 cells, a
model of HbF induction. The reduction in very long-chain
fatty acid levels in 4PBA-treated X-linked adrenoleukodystro-
phy fibroblasts and the increase in HbF-producing cell number
in HU-treated K562 cells depends on the stress-activated JNK
signaling cascade and the subsequent induction of mitochon-
drial biogenesis. Furthermore, the direct inhibition of other
aspects of the cellular stress proteome, including the JNK
pathway, autophagy pathway, mitochondrial biogenesis and

SIRT1 activity, blocked the therapeutic increase in FL-SMN
expression and SMN protein expression in SFN-treated
spinal muscular atrophy fibroblasts. In these three disease
models, we demonstrated that the therapeutic mechanism of
these small molecules is induction of the cytoprotective adap-
tive cell survival response. Since inhibition of individual stress
pathways blocked the therapeutic effects of SFN in spinal
muscular atrophy cells, the collective induction of these
stress pathways may be necessary for the therapeutic effects
of these small molecules. The investigation of the therapeutic
potential of these small molecules in additional genetic dis-
eases may reveal if one stress pathway or the concerted induc-
tion of the entire stress proteome is necessary for the
therapeutic effects in each responsive disease.

The therapeutic manipulation of the adaptive cell survival
response or stress proteome explains the diverse number of
agents that appear effective in studies of spinal muscular
atrophy, including 4PBA, HU, TSA, resveratrol (a known ac-
tivator of SIRT1) and, as shown here, SFN (41–43). The SMN
protein facilitates the assembly of stress granules, vesicles
which protect cellular mRNAs during cellular stress. Exon 7
of SMN1/2 is critical for stress granule formation (44).
Changes in pH are able to elicit an increase in the proportion
of FL-SMN transcripts compared with SMND7 transcripts,
demonstrating that the inclusion of exon 7 from SMN2 is a
stress-dependent event (45). Therefore, small molecules that
induce the adaptive cell survival response, as shown here
with SFN, are expected to increase FL-SMN expression.

It is well documented that the induction of FL-SMN expres-
sion in spinal muscular atrophy cell lines by small molecules
such as 4PBA, HU or TSA varies in magnitude, timing and
within and between patients (32,46). The induction of the
stress proteome as the therapeutic mechanism of 4PBA,
TSA and HU may explain the variability in observed thera-
peutic effects in spinal muscular atrophy cell lines (30–32).
Stress-induced splicing changes can be very sensitive to ex-
ogenously induced stress and occur quickly (47) which may
account for the observed variability.

A therapeutic role for adaptive survival pathways has been
observed in a range of diseases. Many of the disorders that
have positively responded to induction of individual stress path-
ways have also responded favorably to treatment with one or
more of the small molecules studied here. This suggests that ac-
tivation of the stress proteome is the therapeutic mechanism of
these small molecules. For example, overexpression or pharma-
cological induction of HSPs corrects the defect in Niemann-
Pick patient cell lines, a lysosomal storage disorder, ameliorates
the phenotype of spinal bulbar muscular atrophy mouse models
and reduces protein aggregation in studies of Huntington’s
disease, a neurological disorder (48). Induction of the UPR pro-
teins XBP1 and ATF6 protects against ischemia–reperfusion
injury (49). Pharmacological induction of autophagy or overex-
pression of autophagy proteins protects against ischemia–reper-
fusion injury, improves mutant protein clearance and reduces
protein toxicity in cell and animal models of Huntington’s
disease, Alzheimer’s disease, Parkinson’s disease, amyotrophic
lateral sclerosis, spinocerebellar ataxia and spinal bulbar muscu-
lar atrophy (26,50). Antioxidant and 4PBA treatment improve
insulin sensitivity and glucose homeostasis in diabetic mouse
models (51,52). 4PBA-induced mitochondrial biogenesis may

Figure 10. Biochemical SIRT1 activation is not necessary for the induction of
the stress proteome by 4PBA, HU, TSA and SFN. SIRT1 activity assay.
SIRT1 activity was measured by incubating an acetylated lysine substrate
with human recombinant SIRT1, cosubstrate NAD+ and the indicated con-
centration of each small molecule. The percent inhibition of SIRT1 is
plotted. Bars ¼ SEM for triplicate measurements. ∗P ≤ 0.05; paired t-test.
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also help normalize glucose levels because mitochondrial dys-
function is a key contributor to insulin resistance.
4PBA-induced expression of SOD2 increases neuroprotection
in amyotrophic lateral sclerosis (53). Improved mitochondrial
membrane potential and increased peroxisome proliferation
induced by 4PBA treatment promotes neuronal integrity in Alz-
heimer’s disease studies (54). These observations point to the
significant therapeutic nature of the adaptive cellular responses
which have traditionally been studied as a cell’s response to
acute stress.

Beneficial therapeutic effects that improve disease path-
ology and are independent of altering the specific genetic mu-
tation have been well documented. Examples include TSA
treatment of Duchenne’s muscular dystrophy models and
losartan treatment of Marfan’s syndrome patients (41,55,56).
Such examples provide an elegant illustration of corrective
biological responses from indirect interventions.

The induction of the adaptive cell survival response and the
subsequent reestablishment of cellular homeostasis may
explain why these diverse pharmacological agents produce
similar therapeutic effects in a myriad of disease models
(Table 1). We note that the diseases responsive to these
small molecules have mild cellular abnormalities, i.e. the
cells are viable even though their suboptimal function may
lead to severe clinical manifestations. We propose that
pharmacological enhancement of the adaptive cell survival re-
sponse and the subsequent reestablishment of cellular homeo-
stasis beneficially alters disease-related metabolic stress,
promotes cell viability and ameliorates some mild cellular
genetic abnormalities without directly targeting the disease-
causing gene. For example, enhancement of autophagy in the
SOD1 transgenic amyotrophic lateral sclerosis mouse model
clears protein aggregates and significantly increases lifespan
(50). Also, TSA treatment of X-linked adrenoleukodystrophy
(Abcd1 -/Y) mouse fibroblasts normalizes b-oxidation levels
of very long-chain fatty acid levels independent of Abcd1 or
Abcd2 expression (4). This indirect approach to therapy offers
the advantage of pharmacologically modulating the adaptive
capacity of the endogenous cellular machinery, specifically
the stress proteome and mitochondrial function, to compensate
for aberrant metabolic pathways and improve cellular function.
This provides a rationale for the treatment of diseases whose
specific genetic abnormalities are unknown, including many
complex disorders, and may shorten the time to treatment for
some currently untreatable diseases.

We have not tested if the known functions of each molecule,
such as HDAC inhibition, are necessary for the activation of
the stress proteome. These molecules may activate the stress
proteome via their known biochemical activities or via unchar-
acterized molecular interactions within cells. For example, in
K562 cells the production of reactive oxygen species,
second messengers of the stress response, is necessary to in-
crease HbF-containing cell production after SB and TSA treat-
ment, but not after HU treatment (57). This result indicates
that HbF-containing cell production can be stimulated by dif-
fering pathways. However, since nitric oxide is an intracellular
metabolite of HU, reactive nitrogen species may act as second
messengers to induce the stress response and increase HbF
levels after HU treatment. In fact, nitric oxide release after
HU treatment has been shown to enhance full-length SMN2

gene expression (58). Identification of the cellular responses
(i.e. mitochondrial biogenesis, nitric oxide release, etc.) neces-
sary for downstream therapeutic effects of interest may assist
screening for small molecules with optimal clinical effects.

The agents investigated here are in clinical use with few if
any side effects. They were initially identified by their effects
on disease outcomes, not the underlying pathways responsible
for their beneficial effects. Establishment of the therapeutic
potential of the adaptive cell survival response by these
small molecules provides targets for the identification of
more efficacious small molecules with even lower toxicity.
The exploitation of the innate cellular survival program may
ameliorate disease symptoms in a spectrum of disorders with
mild cellular phenotypes without targeting a specific molecule
or signaling pathway for each individual disease. The amen-
able disorders not only include those with mitochondrial or
peroxisomal defects, increased oxidative stress, or protein con-
formation or trafficking defects, but also include aging disor-
ders and complex diseases with unknown genetic or
environmental etiology and mild cellular phenotypes.
Therapy that targets homeostatic regulation could have a pro-
found effect on medicine.

MATERIALS AND METHODS

Cell culture

Primary human fibroblasts, HeLa cells (ATCC #CCL-2, a gift
from Dr Hal Dietz, Johns Hopkins University, Baltimore, MD,
USA), K562 cells (ATCC # CCL-243) and SMA type I fibro-
blasts GM09677 and GM00232 (Coriell Institute for Medical
Research, Camden, NJ, USA) or SMA type III fibroblasts
96-2906 (Kennedy Krieger Institute, Baltimore, MD, USA)
were grown in minimal Eagle medium (MEM; Mediatech,
Manassas, VA, USA), RPMI medium (Mediatech) supplemen-
ted with 10 mM HEPES and 1 mM sodium pyruvate, RPMI or
DMEM (Mediatech), respectively, and supplemented with
10% fetal bovine serum, penicillin (100 U/ml) and strepto-
mycin (100 U/ml). Fibroblasts (70–95% confluent) were
treated with 5 mM 4PBA (1 mM for JNK inhibition studies),
600 mM HU, 200 nM TSA or 5 mM SFN unless otherwise spe-
cified. K562 cells were treated with 1.2 mM SB or 100 mM HU.
All drugs were obtained from Sigma-Aldrich (St Louis, MO,
USA). The concentration of each drug per cell type was
titrated to allow 100% viability and to minimally affect
growth rate. The duration of treatment varied by experiment
as indicated in the figure legends.

For SFN treatment of SMA fibroblasts, the cells were
treated 36 h after plating, the media changed 24 h before col-
lection with media that were pre-warmed and equilibrated in a
378C CO2 incubator overnight to minimize pH effects, and the
cells collected on ice by scraping.

HDAC activity assay

A colorimetric HDAC activity assay was performed three
times in triplicate using 100–200 mg of HeLa or fibroblast
lysates following the manufacturer’s protocol (K331; Biovi-
sion, Mountain View, CA, USA).
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Indirect immunofluorescence

Performed as described in reference (59) using 4% formalde-
hyde, 1% Triton X-100, primary antibody anti-ATP5B (Milli-
pore, Billerica, MA, USA) or anti-ABCD3 (Invitrogen,
Carlsbad, CA, USA) and secondary antibody sheep anti-mouse
IgG FITC-conjugated (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) or goat anti-rabbit IgG rhodamine-conjugated
(Jackson ImmunoResearch, West Grove, PA, USA). Staining
for anti-ATP5B and anti-ABCD3 was carried out using the
same cell populations, but on separate cover slips because of
the imaging capabilities available at the time.

In-cell western analysis

The immunostaining of primary human fibroblasts with anti-
ATP5B, DRAQ5 (Cell Signaling Technologies, Danvers,
MA, USA; a cellular DNA stain to normalize cell number),
and secondary antibody IRDye 800CW donkey anti-mouse
IgG (Li-cor Biosciences, Lincoln, NE, USA) was identical
to the indirect immunofluorescence procedure described
above and performed in duplicate. Imaging and quantification
were performed using the Odyssey Imager (Li-cor Biosciences).

Inhibition studies

Antimycin A (10 ng/ml), LY294002, PD98059, RO-31-8425,
SB203580, SP600125 and L-NAME, 3-methyladenine were
obtained from Sigma. Compound C was from EMD Bios-
ciences (Darmstadt, Germany). Sirtinol was from Tocris Bio-
science (Minneapolis, MN, USA). Human fibroblasts were
treated with each inhibitor, 45–75 min later 4PBA, HU,
TSA or SFN was added and cells were stained 4–6 days
after treatment for mitochondrial studies and as indicated for
SMN studies. As a control for inhibitors dissolved in
DMSO, fibroblasts were treated with an equivalent amount
of DMSO in the absence of inhibitor.

Real-time PCR analysis (RT-PCR)

Following the manufacturer’s protocols, DNase I-treated
cDNA was synthesized using Superscript III or Thermoscript
reverse transcriptase (Invitrogen). PCR reactions were per-
formed in duplicate on the Roche Lightcycler 3.5 (Basel,
Switzerland) or the Bio-Rad iCycler (Hercules, CA, USA)
using Quantitech SYBR green PCR mix (Qiagen, Valencia,
CA, USA). Primer sequences are available upon request.
GeNorm software calculated a normalization factor for each
sample using the relative amounts of at least two of the follow-
ing reference genes, b2-microglobulin, glyceraldehyde-6-
phosphate, actin and/or eukaryotic elongation factor 1A (60).
The following primer sequences were used to detect
FL-SMN: forward primer 5′ GCGATGA TTCTGACATTT
GG 3′ and reverse primer 5′ AAATGAAGCCACAGCTTTA
TCA 3′. Total SMN transcripts (SMN + exon 7 and SMND7
transcripts) were detected using forward primer 5′ ATAA
TTCCCCCACCACCTC 3′ (61) and reverse primer 5′ CAC
CTTCCTTCTTTTTGATT TTGTC 3′ (30).

Western blot analysis

Cell lysates were collected in mammalian protein extraction
reagent (m-PER; Thermo Scientific, Rockford, IL, USA)
plus 1× protease inhibitor (Sigma-Aldrich) and 1× Halt phos-
phatase inhibitor (Thermo Scientific). Denatured SDS–PAGE
and immunoblot analyses were performed using the following
antibodies: phosphorylated JNK and b-actin from Santa Cruz
Biotechnology, total HSP70, total HSP90, BIP, phosphory-
lated eIF2a and XBP1 from Cell Signaling, APG8 (Abgent,
San Diego, CA, USA), SOD2 (Stressgen, Ann Arbor, MI,
USA), b-actin (Sigma) and SMN (BD Transduction Labora-
tories, Franklin Lakes, NJ, USA). Quantitation for all proteins
except SMN was performed using a Fuji Intelligent Dark box
II, FUJI LAS-1000 Lite software and Image Gauge v4.22 soft-
ware (Tokyo, Japan). SMN quantitation was performed using
the Odyssey Imager (Li-Cor Biosciences).

Fatty acid b-oxidation

Fatty acid b-oxidation activity in XALD fibroblasts was deter-
mined by measuring their capacity to degrade 1-14C-labeled
fatty acids to water-soluble products as described (4).

Flow cytometry

K562 cells were incubated with 50 nM Mitotracker Green FM,
300 nM Mitotracker Deep Red 633 (Invitrogen) or phosphate-
buffered saline (PBS) as a negative control for 15 min at 378C
or stained with anti-Pex14 using Caltag Fix and Perm reagents
(Invitrogen) following the manufacturer’s instructions. Stained
cells were suspended in 0.5 ml of 1% paraformaldehyde/PBS
and subjected to flow cytometric analysis (FACScan
machine, Becton Dickinson, Franklin Lakes, NJ, USA).

Measurement of hemoglobin

K562 cells were suspended in 1.1 ml media and 240 ml of
DAF [working solution 50 ml 2,7 diaminofluorene (DAF)
stock (50 mg DAF in 5 ml 90% glacial acetic acid), 50 ml
30% hydrogen peroxide, and 2.5 ml 200 mM Tris–HCl, pH
7.0]. DAF-stained hemoglobinized cells were scored using a
hemocytometer.

Mitotracker staining

SMA type I (GM00232) fibroblasts were treated with 2.5 mM

4PBA, 300 mM HU, 100 nM TSA or 2.5 mM SFN for 5 days,
live stained with 25 nM Mitotracker Red CMXROS (Invitro-
gen) in pre-warmed MEM media for 15 min at 378C in a
CO2 incubator. Stained cells were washed with pre-warmed
MEM, washed with PBS and excess PBS was removed. The
cells were examined under the microscope at ×80.

SIRT1 activity assay

A fluorescence-based SIRT1 activity assay was performed in
triplicate following the manufacturer’s protocol (10010401;
Cayman Chemical Company, Ann Arbor, MI, USA). The
percent developer interference was below 3% for each small
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molecule. The percent fluorophore interference was below 9%
for each small molecule. The acceptable interference values
were ≤10%.

Statistical analyses

Three or more independent experiments were performed for
each technique unless otherwise noted and the standard error
of the mean (SEM) calculated and graphed. A one-tailed Stu-
dent’s t-test was used to calculate P-values. P-values ≤0.05
were considered significant.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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