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Abstract 

Background: The acidic extracellular environment of tumors has been shown to affect the malignant progression of tumor cells by 
modulating proliferation, cell death or metastatic potential. The aim of the study was to analyze whether acidosis-dependent miRNAs 
play a role in the signaling cascade from low pH through changes in gene expression to functional properties of tumors in vitro and 

in vivo . 
Methods: In two experimental tumor lines the expression of 13 genes was tested under acidic conditions in combination with 

overexpression or downregulation of 4 pH-sensitive miRNAs (miR-7, 183, 203, 215). Additionally, the impact on proliferation, 
cell cycle distribution, apoptosis, necrosis, migration and cell adhesion were measured. 
Results: Most of the genes showed a pH-dependent expression, but only a few of them were additionally regulated by miRNAs in 

vitro (Brip1, Clspn, Rif1) or in vivo (Fstl, Tlr5, Txnip). Especially miR-215 overexpression was able to counteract the acidosis effect in 

some genes. The impact on proliferation was cell line-dependent and most pronounced with overexpression of miR-183 and miR-203, 
whereas apoptosis and necrosis were pH-dependent but not influenced by miRNAs. The tumor growth was markedly regulated by 
miR-183 and miR-7. In addition, acidosis had a strong effect on cell adhesion, which could be modulated by miR-7, miR-203 and 

miR-215. 
Conclusions: The results indicate that the acidosis effect on gene expression and functional properties of tumor cells could be mediated 

by pH-dependent miRNAs. Many effects were cell line dependent and therefore do not reflect universal intracellular signaling cascades. 
However, the role of miRNAs in the adaptation to an acidic environment may open new therapeutic strategies. 
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Tumor acidosis with extracellular pH (pH e ) values down to 6.0, which
s a common feature of human and experimental tumors [1] , has been
hown to modulate the malignant potential of tumors independently from
oncomitant hypoxia. The extracellular acidification, which shifts the pH e 

rom 7.2–7.4 in normal tissues to 6.1–7.0 in tumors, results from the
naerobic metabolism resulting from hypoxia but also from the feature of
umor cells switching to glycolytic metabolism even in the presence of oxygen
"Warburg" effect) [2] . Even though tumor cells have potent mechanisms
o maintain the intracellular pH constant, the accumulation of protons in
he interstitial space has been shown to modulate the cellular metabolism
ttps://doi.org/10.1016/j.neo.2021.11.005 

https://doi.org/10.1016/j.neo.2021.11.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neo.2021.11.005&domain=pdf
mailto:oliver.thews@medizin.uni-halle.de
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neo.2021.11.005


2 Role of acidosis-sensitive microRNAs in gene expression and functional parameters M. Rauschner et al. Neoplasia Vol. 23, No. 12, 2021 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I

r
w  

H
e
f
i
i
v
a  

w

m
c
w
i
h  

h
±
6  

r
F
C  

E
g

m

o
o
m
L
a
2
r
G  

s
s  

n
m  

i

F
r
d
u
m
(
i
(
i
i  

h

m

h
F

and mitochondrial function [3] . In parallel, acidosis modulates different
functional properties of tumors affecting the malignant potential. The acidic
micromilieu promotes the invasiveness and migration of tumors [ 4 , 5 ] and by
this may affect the formation of metastases [6–8] . It is also known that the
tumor pH affects tumor suppressor genes and oncogenes which in turn can
modulate proliferation and apoptotic or necrotic cell death [ 9 , 10 ]. 

The mechanism by which the extracellular proton concentration may
influence gene expression or functional properties of cells has been discussed
controversially and is yet not fully understood. After sensing of the
extracellular pH by, for instance, acid-sensitive ion channels and ion
transporters or G-protein coupled H 

+ -sensors [ 11 , 12 ] different intracellular
signaling cascades, such as mitogen-activated protein kinases (e.g., ERK1/2,
p38, JNK) [13] , ROS generation [6] or Rho/Rho-kinase pathway [ 13 , 14 ],
have been discussed to induce pH-dependent changes of gene expression.
Small non-coding RNAs (miRNAs), which can regulate the expression of
different target genes and thereby affect the functional behavior of tumor cells
(proliferation, migration, cell adhesion, apoptotic or necrotic cell death) [15] ,
might represent another possible mechanism. Previous studies revealed that
extracellular acidosis modulates the expression of several miRNAs in vitro and
in vivo [16] . Four miRNAs were consistently changed in different tumor lines:
miR-7 (up-regulation), miR-183, miR-203 and miR-215 (down-regulation).
In parallel, NGS and qPCR analyses indicated a large number of genes to be
regulated cell line-independently under acidic conditions in cell culture (136
genes) and in experimental tumors (287 genes) [17] . Several of these acidosis-
regulated genes have been predicted to be putative targets of the miRNAs
mentioned above, for example Clspn (miR-7), Fstl1 (miR-203), Gls2 (miR-
203), Il6r (miR-183, miR-203), Rif1 (miR-215) or Txnip (miR-183). 

In accordance with this background, the aim of the present study was
to test whether pH-dependent miRNAs are involved in the acidosis-induced
changes of gene expression and furthermore in functional alterations of tumor
cells, such as proliferation, cell cycle distribution, apoptosis and necrosis,
migration and adhesion. Therefore, tumor cells were transfected with mimics
or inhibitors (antagomirs) of the respective miRNA and exposed either to
pH 7.4 or 6.6. Since miR-7 was up-regulated and miR-183, miR-203 as
well as miR-215 were down-regulated the acidosis effect was simulated by
overexpression of miR-7, and reduced expression of miR-183, 203 and 215 at
pH 7.4. A second series of experiments was used to test whether the acidosis-
induced effects could be counteracted by a lowering of miR-7 expression or
overexpression of the other miRNAs (at pH 6.6). In the cells gene expression,
proliferation, cell death, migration and adhesion was measured. For in vivo
experiments, the transfected cells were subcutaneously implanted forming
experimental tumors with a subsequent analysis of gene expression and
functional parameters as tumor growth and cell proliferation. 

Materials and methods 

Cell lines 

All studies were performed with two tumor cell lines of the rat: (a)
subline AT1 of the Dunning prostate carcinoma R3327 (CLS # 500121, CLS
GmbH, Eppelheim, Germany) and (b) Walker-256 mammary carcinoma
(ATCC # CCL-38, LGC Standards GmbH, Wesel, Germany). Both cell
lines were cultured at room air containing 5% CO 2 in RPMI medium
supplemented with 10% fetal calf serum (FCS) and for Walker-256 cells
additionally with 10 mM L-glutamine, 20 mM HEPES, 0.15% NaHCO 3 .
For the experiments, cells were incubated under serum starvation for 24 h in
medium buffered with NaHCO 3 , 10 mM MES (morpholinoethanesulfonic
acid) and 10 mM HEPES, with pH adjustment either to pH 7.4 or 6.6 with
1 N HCl. 
n vivo tumor models 

Solid tumors of AT-1 cells were induced in vivo in male Copenhagen 
ats (body weight 115–292 g) and Walker-256 tumors in Wistar rats (body 
eight 165–231 g), housed in the animal care facility of the University of
alle. All experiments had previously been approved by the regional animal 

thics committee and were conducted in accordance with the German Law 

or Animal Protection and the UKCCCR Guidelines [18] . Solid tumors were 
nduced by heterotopic injection of cell suspension (6-8 × 10 6 cells/0.4 ml 
sotonic saline) subcutaneously into the dorsum of the hind foot. Tumor 
olumes were determined by measuring the three orthogonal diameters with 
 caliper and with the formula: V = d 1 •d 2 •d 3 •π /6. Tumors were investigated
hen they reached a volume of 0.40–1.68 ml. 

In order to induce a more pronounced tumor acidosis in vivo , 
etabolic acidosis was intensified by treating tumor-bearing animals with a 

ombination of inspiratory hypoxia and meta-iodobenzylguanidine (MIBG) 
hich forces glycolytic metabolism [19] . Therefore, animals received a MIBG 

njection (20 mg/kg b.w., i.p. dissolved in isotonic saline) and were then 
oused in a hypoxic atmosphere containing 10% O 2 and 90% N 2 for 24
. This procedure reduced the extracellular pH in AT1 tumors from 7.02 

0.04 to 6.48 ± 0.08 and in Walker-256 tumors from 7.16 ± 0.03 to 
.65 ± 0.07 [16] . After 24 h animals were sacrificed, tumors were surgically
emoved, minced and total RNA was extracted using TRIzol reagent (Thermo 
isher Scientific, Waltham, MA, USA), while protein was isolated by using 
ST cell lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
DTA, 1mM EGTA, 1% Triton, 2,5 mM sodium pyrophosphate, 1mM ß- 
lycerophosphate, 1 mM Na 3 VO 4 , protease inhibitor cocktail). 

iRNA transfection 

In order to assess the impact of pH-dependent miRNAs, the expression 
f miR-7-5p, miR-183-5p, miR203a-3p and miR-215 was either increased 
r decreased by transfection of the cells with the respective miRNA- 
imic or inhibitor (antagomir). Transient transfection was performed with 
ipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) in 
ccordance to the manufacturer’s instructions. In brief, AT1 and Walker- 
56 cells (0.5–0.7 �10 6 cells/ml) were incubated with lipofectamine and the 
espective miRNA mimic or antagomir (miRCURY LNA, Qiagen, Hilden 
ermany) for 24 h. The list of miRNA sequences used for transfection is

hown in Suppl. Table S1. Transfection with unspecific miRNA sequences 
erved as controls (Qiagen). Mimics were used at a final concentration of 1.7
M and antagomirs at 16.7 nM. After 24 h, the lipofectamine containing 
edium was replaced with media with different pH, in which the cells were

ncubated for another 24 h. 
For in vivo experiments different transfection procedures were used. 

or experiments with miRNA mimics the cells were transfected with the 
espective miRNA mimic and afterwards these cells were implanted as 
escribed above by subcutaneous injection. Even though the transfection 
sing lipofectamine and the pure mimic is only transient, the intratumoral 
iRNA expression was 64-times higher 8 days after tumor cell implantation 

Suppl. Fig. S1A). For inhibitor experiments untransfected tumor cells were 
mplanted. When the tumors reached the desired volume, a small amount 
20 μl) of invivofectamine + respective miRNA inhibitor was injected 
ntratumorally (under isoflurane anesthesia). The RNA strands are taken up 
nto the cells and modulate the miRNA expression accordingly for at least 48
 (Suppl. Fig. S1B). 

RNA expression 

For mRNA expression analyses total RNA was isolated from cells or tumor 
omogenates using TRIzol according to the manufacturer’s instructions. 
rom previous experiments analyzing the impact of acidotic pH on gene 
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expression [17] 13 genes ( Brip1, Clspn, Crem, Dnajc25, Ercc6l, Fstl1, Gls2,
Ikbke, Il6r, Per3, Rif1, Tlr5, Txnip ) were identified, which were consistently
regulated by low pH in both cell lines in vitro or in vivo and which
have been described in literature to play a relevant rule in the malignant
progression of tumors. For qPCR validation 1 μg RNA was subjected to
reverse transcription with SuperScript II reverse transcriptase (Thermo Fisher
Scientific) and analyzed by qPCR using the Platinum SYBR Green qPCR
Supermix (Thermo Fisher Scientific). The obtained data were normalized
against 18S or Hprt1 , which are suitable housekeeping genes for studying
tumor acidosis [20] , and were related to the respective control. Suppl. Table
S2 shows the primers used. 

Tumor cell migration 

The migratory speed of transfected (miRNA mimic or inhibitor) AT1
tumor cells was determined after 24 h incubation at pH 7.4 or 6.6. For
time lapse microscopy 6 × 10 5 cells were grown in 35 mm-Petri dishes,
incubated with the buffers at different pH and transferred to an incubation
chamber (stage Top Incubator INU-KI-F1; Tokai Hit) of a Keyence BZ-
8100E fluorescence microscope (Keyence, Osaka Japan). Cell migration was
measured over a time interval of 100 min with imaging every 5 min. Single
cells were tracked in this series of 20 images and the averaged migratory
speed (in μm/min) as well as the covered distance (in μm) was determined.
For the calculations ImageJ software (ibidi Chemotaxis and Migration Tool,
Gräfelfing, Germany) was used. 

Cell adhesion 

Cell adhesion was measured by continuous impedance measurements
of monolayer cells (xCELLigence DP; OLS OMNI Life Science, Bremen,
Germany) in accordance to the manufacturer’s instructions. First, it was tested
whether cells lose their adherence if they are exposed to low pH. Therefore,
cells were plated on 16-well plates for 48 h to establish a tight contact between
cells and plate surface. Thereafter, medium was changed to pH 7.4 or pH
6.6 and impedance was followed for 48 h. In the second series it was tested
whether priming the cells at low pH for 24 h will affect the ability to adhere
on the surface. Therefore, cells were pre-incubated at pH 6.6 or 7.4 in petri
dishes for 24 h. Subsequently, cells were mechanically detached and the cell
suspensions were then transferred to 16-well plates in which the impedance
was measured during the next 48 h. 

Cell cycle distribution and proliferation 

For analysis of DNA content and the fraction of actively
DNA-synthesizing cells, cells were incubated with 5 μM BrdU
(Bromodeoxyuridine) for 1h ( in vitro ) or 2h ( in vivo ). Cells were then
fixed with 70% ethanol and stained with anti-BrdU-antibody or isotype
control (BD Biosciences, San Jose, CA, USA) and secondary anti-mouse-
FITC-antibody (1:100) (Rockland, Limerick, PA, USA). Additionally, cells
were stained for 10 min with 50 μg/ml propidium iodide + RNase to measure
cell cycle distribution. For analyses of tumors, BrdU was dissolved in PBS
and injected i.p. (150 mg/kg body wt). After 120 min, tumors were excised
and mechanically disintegrated into a single cell suspension and treated as
stated above. 

Apoptosis and necrosis 

Caspase-dependent apoptosis was assessed by measuring the activity of
the effector caspase-3 as described previously. In brief, cells were lysed,
centrifugated and the supernatant was incubated with DEVD-AFC. The
fluorescence of the cleaved dye 7-amino-4-trifluoromethylcoumarin (AFC)
was measured in a multiwell reader (Infinite, Tecan, Berlin, Germany).
rotein content was determined with Pierce BCA protein assay (Thermo
cientific, Waltham, MA, USA) using bovine serum albumin as standard. For
easurements in tumor samples small tissue specimens were minced before

ysis. Necrosis in cultured cells was measured by LDH release. LDH activity
n media and in cell lysates was measured using standard protocol adapted to
ower scale (200 μl). 

tatistical analysis 

Results are expressed as means ±SEM. Differences between groups were
ssessed by the two-tailed t-test for paired and unpaired samples. The
ignificance level was set at α= 5% for all comparisons. 

esults 

he role of acidosis-regulated miRNAs in gene expression 

In order to analyze whether acidosis-regulated miRNAs (miR-7, miR- 
83, miR-203, miR-215) affect gene expression, tumor cells were transfected
ither with mimics or inhibitors (antagomirs) of the respective miRNA before
hey were exposed to different pH values. Since miR-183, 203 and 215 were
own-regulated under acidosis, the cells were transfected with the inhibitors
t pH 7.4 and with mimics at pH 6.6. For miR-7 (which was up-regulated
y acidosis) transfection was performed with the mimics at pH 7.4 and
ntagomirs at pH 6.6. 

Figs. 1 and 2 and Suppl. S2 show the effects of miRNA-transfection in
T1 and Walker-256 cells. In the majority of genes, the acidotic extracellular
H had a significant impact on mRNA expression compared to control
onditions at pH 7.4. However, in most cases the additional transfection did
ot influence the expression markedly (e.g., Gls2 or Txnip in Fig. 1 ). Only in
 few genes, miRNA-expression had a direct impact, for instance miR-215 in
T1 ( Fig. 1 ). At control pH (7.4) transfection with the inhibitor reduced Rif1
xpression (comparable to acidotic control conditions at which the miR-215
xpression was reduced). Under acidic conditions transfection with miR-215 
imic increased Rif1 expression to the non-acidotic control level. In Walker-

56 cells similar effects of miR-215 on Rif1 expression were seen ( Fig. 2 )
here acidosis reduced the expression whereas simultaneous transfection with 
iR-215 mimic led to almost control level at pH 7.4. In AT1 cells miR-

15 also had an impact on Brip1 ( Fig. 1 ). Here, miR-215 overexpression
hanged Brip1 expression back to the control level. However, in this case
nhibition of miR-215 at pH 7.4 did not reduce the Brip1 expression. In

alker-256 cells, inhibition of miR-215 reduced the Brip1 expression at pH
.4 ( Fig. 2 ). These results indicate that the acidosis-induced change of Rif1
and possibly also Brip1) expression could be mediated by the pH-dependent
iR-215. 

In solid experimental tumors in vivo different expression patterns were
ound. In AT1 tumors neither Rif1 nor Brip1 expression was modulated
ignificantly by miR-215 ( Figs. 3 , Suppl. S3), instead Gls2 was regulated
y miR-215 and miR-183. Overexpression of both miRNAs reversed the
cidosis-induced decrease in Gls2 expression. Surprisingly, overexpression 
f the miR-215 induced a further increase of the Txnip expression in
T1 tumors rather intensifying the acidosis effect than counteracting it
 Fig. 3 ). Additionally, miR-183 had a regulating effect on Ikbke and
lr5 expression. For both genes, overexpression of miR-183 under acidic

onditions counteracted the acidosis induced down-regulation and led to an
xpression level similar to control tumors at normal pH. These results indicate
hat in solid tumors besides miR-215 also miR-183 may be involved in the
cidosis-induced changes of gene expression. 

Taking in vitro and in vivo results together, it can be concluded that the
xpression of several genes (Brip1, Gls2, Rif1, Ikbke, Tlr5, Txnip) under
cidic conditions might be (at least partially) mediated by different pH-
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Fig. 1. mRNA expression of tumor-associated genes in AT1 prostate carcinoma cells after 24 h at pH 7.4 or 6.6 in combination with overexpression (mimic) 
or inhibition of pH-dependent miRNAs. Mean ± SEM, n = 3–20, ( ∗) p < 0.05, ( ∗∗) p < 0.01 vs . pH 7.4 control; (#) p < 0.05, (##) p < 0.01 vs . pH 6.6 
control (without transfection at the respective pH). 
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Fig. 2. mRNA expression of tumor-associated genes in Walker-256 mammary carcinoma cells after 24 h at pH 7.4 or 6.6 in combination with overexpression 
(mimic) or inhibition of pH-dependent miRNAs. Mean ± SEM, n = 3–13, ( ∗) p < 0.05, ( ∗∗) p < 0.01 vs . pH 7.4 control; (#) p < 0.05 vs . pH 6.6 control. 
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a  
dependent miRNAs. The overexpression or inhibition of these miRNAs was
able to simulate or counteract the acidosis-induced changes. Here, especially
the miR-183 and miR-215, which are both down-regulated at low pH, seem
to play a relevant role. 
cidosis-regulated miRNAs regulating functional parameters 

Since genes, which are relevant for proliferation, cell death or migration,
re regulated by extracellular acidosis and miRNAs, it was tested whether
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Fig. 3. mRNA expression of tumor-associated genes in AT1 tumors after 24 h under control or acidotic conditions in combination with overexpression 
(mimic) or inhibition of pH-dependent miRNAs. Mean ± SEM, n = 3–9, ( ∗) p < 0.05, ( ∗∗) p < 0.01 vs . pH 7.4 control; (#) p < 0.05, (##) p < 0.01 vs . pH 

6.6 control. 
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Fig. 4. Tumor growth of AT1 ( A + B ) and Walker-256 tumors ( C + D ) under acidic conditions and with transfection of the tumor cells with mimics of the 
miR-183 ( A + C ) or miR-203 ( B + D ). Mean ± SEM, n = 3–17; ( ∗) p < 0.05, ( ∗∗) p < 0.01 vs. control. 
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changes in the expression of pH-dependent miRNAs have functional
consequences for tumor growth, cell cycle distribution, apoptosis, necrosis,
migration as well as for tumor cell adhesion in vitro and/or in vivo . 

Under in vivo conditions the growth rate of tumors was almost unaffected
from the extracellular pH. If the tumors were transfected with miR-183 or
miR-203 (most pronounced in Walker-256 tumors after transfection with the
miR-183), tumor growth was significantly faster ( Fig. 4 ) whereas miR-215
had practically no effect (data not shown). Interestingly, in AT1 cells miR-
183 overexpression led at low pH to a stronger G0/G1 arrest ( Fig. 5 ) and a
reduced BrdU incorporation ( Fig. 6 ) indicating diminished cell proliferation.
However, in Walker-256 cells all miRNAs had almost no impact on cell-
cycle distribution (Suppl. Fig. S4) and although miR-7 and 215 increased
proliferation markedly, the effect was not statistically significant (Suppl. Fig.
S5). As a second measure of proliferation the number of cells after 24 h
(expressed by the protein content in the petri dish) was analyzed. In both cell
lines acidosis reduced the cell number (protein concentration) by about 50%
(Suppl. Fig. S6), but only overexpression of miR-203 in AT1 cells (under
acidic conditions) increased the cell division (Suppl. Fig. S6A). These data
from cultured AT1 cells are in accordance with the results from the tumor
growth in vivo ( Fig. 4 ). 

The faster tumor growth in vivo of tumors transfected with miR-183
or 203 may not only be the result of an impaired cell proliferation but
also of differences in apoptotic or necrotic cell death. In Walker-256 cells
the extracellular acidosis per se strongly reduced caspase-3 activity ( Fig. 7 A)
and significantly increased necrotic cell death ( Fig. 7 B). However, none of
the miRNAs further modulated apoptosis or necrosis ( Fig. 7 ). In AT1 cells
ransfection with miR-183 or miR-203 under acidic condition induced a
lightly lower caspase-3 activity (Suppl. Fig. S7A) but had almost no impact
n necrosis at low pH (Suppl. Fig. S7B). At pH 7.4 miR-183 overexpression
ed to an increase in necrosis. 

The migratory potential of tumor cells was assessed from the migration
elocity and from the covered distance from the starting point. Under
cidic conditions (without transfection) the migratory speed ( Fig. 8 ) as well
s the covered distance (Suppl. Fig. S8) of AT1 cells were significantly
ncreased indicating a higher mobility of tumor cells at low pH. If the cells
ere additionally transfected any of the pH-dependent miRNAs neither the
igratory speed nor the covered distance was significantly altered ( Figs. 8 and

uppl. S8). 
In addition, the adhesion of tumor cells was modulated by extracellular

H and miRNA expression. In order to simulate different processes of
etastasis, two different experimental settings were used. To mimic the

etachment of single cells from an acidic tumor, the medium of already
dherent cells was changed to pH 6.6 ("direct incubation") and the adherence
as analyzed during the next 48 h by impedance measurements. To simulate

he invasion of circulating tumor cells, which originate from an acidic tumor,
nto a new host tissue, the cells were pre-incubated at pH 6.6 for 24 h,
hen mechanically detached and the following process of adherence (now at
H 7.4) was measured ("pre-incubation"). During the "direct incubation" 
xperiment low pH induced a significant reduction of cell adherence ( Fig. 9 A)
t which the simultaneous transfection of the cells with miR-7 inhibitor
lightly diminished this reduction of adhesion. For the other pH-dependent
iRNAs no consistent effect was seen. In the "pre-incubation" experiments
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Fig. 5. Cell cycle distribution of AT1 prostate carcinoma cells after 24 h at pH 7.4 or 6.6 in combination with overexpression (mimic) or inhibition of 
pH-dependent miRNAs. Mean ± SEM, n = 5–14, ( ∗) p < 0.05, ( ∗∗) p < 0.01 vs . pH 7.4 control. 
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acidosis induced a stronger adherence ( Fig. 9 B). This effect was antagonized
by transfecting the cells with the miR-7 inhibitor. Also the transfection with
miR-203 or miR-215 mimic reduced adhesion (compared to acidotic control;
Fig. 9 B). These results reveal that especially miR-7 seems to play a relevant
role for changes in tumor cell adhesion. 

Discussion 

The aim of the study was to test whether the impact of extracellular
acidosis on gene expression and functional properties of tumor cells is
mediated by pH-sensitive miRNAs (miR-7, miR-183, miR-203, miR-215).
Therefore, the cells were transfected with either mimics or inhibitors of these
miRNAs at different pH in vitro and in vivo . Numerous genes (such as Brip1,
Clspn, Gls2, Per1, Rif1, Tlr5, Txnip) were regulated by an acidic extracellular
pH ( Figs. 1 , 2 ), which has already been described in previous studies [17] .
However, in most of the cases an up- or down-regulation of the miRNA
expression had almost no impact on gene expression. In AT1 cells ( Fig. 1 ) only
the expression of Brip1 and Rif1 showed a significant change by miR-215. In
both cases, overexpression of miR-215 at low pH (miR-215 expression was
educed by acidosis) was able to return the gene expression to the control
evel at pH 7.4. In Walker-256 cells ( Fig. 2 ) also Rif1 expression was sensitive
o miR-215 expression, at which again the miRNA overexpression at low pH 

ed to Rif1 expression comparable to control conditions (pH 7.4). In Walker- 
56 cells miR-215 overexpression also affected Clspn expression but in this 
ase gene expression during acidosis was further increased. From all genes 
ested only Rif1 seems to be cell line-independently regulated by the pH- 
ensitive miR-215. Under acidic conditions, Rif1 expression was reduced and 
verexpression of miR-215 counteracted this down-regulation. These results 
eveal that miR-215 seems to control the expression of Rif1 under acidic 
onditions. However, the impact of this interaction for tumor progression 
s presently not conclusive. On the one hand, miR-215 has been described 
s a tumor suppressor [21–24] and thus a reduced expression should be 
ndicative for more progressive tumor growth. On the other hand, Rif1 is a
egulatory factor of DNA damage response [25] and by this down-regulation 
as been described to increase the sensitivity of tumors to platinum-based 
hemotherapy or irradiation [ 26 , 27 ]. Additionally, Rif1 may directly foster
umor cell proliferation [ 28 , 29 ]. 

In solid tumors neither acidosis per se nor miR-215 had an impact on Rif1
xpression. In contrast, some other genes were found to depend on miR-215 
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Fig. 6. Fraction of proliferating AT1 cells (BrdU uptake) after 24 h at pH 7.4 or 6.6 in combination with overexpression (mimic) or inhibition of pH-dependent 
miRNAs. Mean ± SEM, n = 5–14, ( ∗∗) p < 0.01 vs . pH 7.4 control; (#) p < 0.05 vs . pH 6.6 control. 
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expression (and acidosis), such as Tlr5, Txnip or Gls2 ( Fig. 3 ). These genes
were not regulated in isolated tumor cells ( Fig. 1 ). In tumors miR-183 was
found to modulate the Gls2 expression under acidic condition significantly,
which was also not seen in cell culture. The difference between cell culture and
tumors may result from the fact that in solid malignancies not only tumor cells
are present but also different normal cells such as fibroblasts, endothelial cells
or macrophages. Additionally, communication between tumor and normal
cells, either by direct cell-cell contacts or by secreted cytokines (which has
also been shown to be acidosis-induced [30] ) may contribute to differences
in gene expression in vitro and in vivo . 

The analysis of functional parameters (proliferation, cell death, migration,
adhesion) revealed first, that two of the pH-dependent miRNAs have a direct
impact on tumor growth. In both tumor lines overexpression of miR-183
led to faster tumor growth which was even more pronounced in Walker-256
tumors ( Fig. 4 A–C). The impact of miR-183 is in accordance to previous
studies demonstrating a positive correlation of miR-183 expression and
tumor progression [31–33] . From these data it can be concluded that the
acidosis-induced down-regulation of miR-183 may slow down tumor growth.
Although in the present study, no significant difference in the volume of acidic
and control tumors was seen ( Fig. 4 ), it has to be taken into account that the
artificial tumor acidification took place first after day 6 of the tumor growth
experiment and lasted no longer than 24 h. 

The increased tumor growth can result from either an increased
proliferation or a reduced cell death. Proliferation and apoptotic or necrotic
cell death were differentially affected by acidosis and/or miRNA expression
in both cell lines. In AT1 cells preferentially proliferation was modulated,
hereas in Walker-256 cells primarily apoptosis and necrosis were affected. In
T1 cells acidosis led to a significant G1 arrest ( Fig. 5 ) and a marked reduction

n the fraction of proliferating cells (BrdU incorporation; Fig. 6 ) which has
een described by others [34] and may be associated with pH-dependent
hanges in gene expression as for instance for Gls2 ( Fig. 1 ) [35] . The pH
ffect could be modulated by the overexpression of miR-183, intensifying
he G1 arrest, whereas miR-203 and miR-215 reduced it (but not statistically
ignificant). These changes were also reflected by trend in the BrdU uptake
 Figs. 5 , Suppl. S5). Even though a miR-203-induced G1 arrest was already
escribed previously [ 36 , 37 ], the effect only occurred under acidic conditions
ut not at pH 7.4. In AT1 cells miR-203 expression might already be
trongly induced under control conditions, possibly explaining that a further
ncrease by miR-203 mimic transfection had no impact on the cell cycle.

verexpression of miR-215 under acidic conditions led to a reduction of cells
n the G0/G1 phase and an increase of those in the G2/M phase of the cell
ycle. A miR-215 mediated G2/M arrest has been described by others [ 22 , 38 ],
ut similar to miR-203, the impact of miR-215 overexpression was not seen
t pH 7.4. Taking these results together, it may be possible that the changes
n proliferation were at least partially mediated by changes of the miRNAs,
ut seem to be cell line-specific. The apoptotic and necrotic cells death was
lso acidosis dependent, but this effect was fundamentally different in both
ell lines. In Walker-256 cells low pH induced a reduction of apoptosis and
 strong increase in necrosis ( Fig. 7 ) whereas in AT1 cells acidosis had only
 negligible effect. In both cell lines, cell death was not altered by changes
n microRNA expression concluding that pH-dependent miRNAs play no 
ignificant role in apoptosis or necrosis. 
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Fig 7. ( A ) Apoptosis (caspase 3-activity) and ( B ) necrosis (LDH release) of Walker-256 cells after 24 h at pH 7.4 or 6.6 in combination with overexpression 
(mimic) or inhibition of pH-dependent miRNAs. Mean ± SEM, n = 5–9, ( ∗) p < 0.05, ( ∗∗) p < 0.01 vs . pH 7.4 control. 
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In the present study additionally the impact of acidosis and pH-dependent
miRNAs on migration and adhesion was analyzed. Acidosis per se , as has
already been described previously [ 6 , 17 ], increased the migration speed
( Fig. 8 ) and the covered distance in the migration experiment (Suppl. Fig. S8).
ther authors have shown that miR-7 overexpression [39–41] as well as miR- 
83 down-regulation [42–44] lead to an increase of tumor cell migration. 
owever, in the present experiments up- or down-regulation of any of these 
iRNAs showed a modulatory effect. For this reason, it can be concluded that
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Fig. 8. Migration velocity of AT1 cells after 24 h at pH 7.4 or 6.6 in combination with overexpression (mimic) or inhibition of pH-dependent miRNAs. 
Mean ± SEM, n = 5–14, ( ∗) p < 0.05, ( ∗∗) p < 0.01 vs . pH 7.4 control. 
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the migration effects of the acidic environment are probably not mediated by
pH-sensitive miRNAs. 

Cell adhesion was also found to be not only affected by pH but also
by several miRNAs. To investigate different steps of metastatic spread two
different experiments were performed. To simulate the shedding of tumor
cells from an acidic solid tumor mass, the detaching of the cells after switching
to low pH was analyzed ("direct incubation") ( Fig. 9 A). Here acidosis
induced a significant detachment, but none of the miRNAs had a marked
impact on this process. The second experiments simulated the process of
invasion of circulating tumor cells (originating from an acidic tumor) into
a new host tissue with apre-incubation at low pH ( Fig. 9 B). Acidosis per se
increased adhesion but this effect was also depending on miRNA expression.
Overexpression of miR-203 and miR-215 as well as down-regulation of
miR-7, in conjunction with low pH, reduced cell adhesion. For miR-203
and miR-215 it has been shown that overexpression may lead to reduced
adhesion [ 45 , 46 ] which is in accordance with the present study. Since for
miR-7 overexpression also a suppression of adhesion via modulation of the
ocal adhesion kinase (FAK) has been described [47] . The reason for the
ppositional effect in the present study is unclear. 

In conclusion, the present study analyzed whether pH-dependent 
iRNAs (miR-7, miR-183, miR-203, miR-215) may play a role in the

ignaling cascade in which the extracellular H 

+ concentration modulates gene
xpression and functional properties of tumor cells. The study revealed that
any genes were affected by tumor acidosis but only for a few, a direct impact

f acid-regulated miRNAs was found, illustratingBrip1, Clspn, and Rif1 as
he most relevant ones. These effects were partly cell line dependent and in
ivo additional genes such as Fstl, Tlr5, or Txnip were modulated by these
iRNAs. From the functional properties analyzed only cell cycle distribution,

poptosis and cell adhesion were markedly influenced by the miRNAs
tudied. Since in this screening study most of the effects were cell line-specific
nd in most cases only single miRNAs showed effects on particular genes
r cell functions, further studies are needed to identify specific signaling
ascades, leading from extracellular pH via acidosis-dependent miRNAs to 
ene expression and finally to changes of specific tumor cell properties. 
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Fig. 9. Adhesion of AT1 cells after 24 h at pH 7.4 or 6.6 in combination with overexpression (mimic) or inhibition of pH-dependent miRNAs. ( A ) At t = 0 h 
the medium of already adherent cells was changed to pH 6.6 ("direct incubation"). ( B ) Cells were pre-incubated at pH 7.4 or pH 6.6 for 24 h then mechanically 
detached and again plated at pH 7.4 ( t = 0 h; "pre-incubation"). Mean ± SEM, n = 2–5, ( ∗) p < 0.05, ( ∗∗) p < 0.01 vs . pH 7.4 control; (#) p < 0.05 vs . pH 

6.6 control. 
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