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ABSTRACT
In recent years, the lysosome has emerged as a highly dynamic, transcriptionally regulated organelle that is
integral to nutrient-sensing and metabolic rewiring. This is coordinated by a lysosome-to-nucleus signaling
nexus in which MTORC1 controls the subcellular distribution of the microphthalmia-transcription factor E
(MiT/TFE) family of “master lysosomal regulators”. Yet, despite the importance of the lysosome in cellular
metabolism, the impact of traditional in vitro culture media on lysosomal dynamics and/or MiT/TFE
localization has not been fully appreciated. Here, we identify HEPES, a chemical buffering agent that is
broadly applied in cell culture, as a potent inducer of lysosome biogenesis. Supplementation of HEPES to
cell growth media is sufficient to decouple the MiT/TFE family members–TFEB, TFE3 and MITF–from
regulatory mechanisms that control their cytosolic retention. Increased MiT/TFE nuclear import in turn
drives the expression of a global network of lysosomal-autophagic and innate host-immune response
genes, altering lysosomal dynamics, proteolytic capacity, autophagic flux, and inflammatory signaling. In
addition, siRNA-mediated MiT/TFE knockdown effectively blunted HEPES-induced lysosome biogenesis
and gene expression profiles. Mechanistically, we show that MiT/TFE activation in response to HEPES
requires its macropinocytic ingestion and aberrant lysosomal storage/pH, but is independent of MTORC1
signaling. Altogether, our data underscore the cautionary use of chemical buffering agents in cell culture
media due to their potentially confounding effects on experimental results.

Abbreviations: CLEAR: coordinated lysosomal expression and regulation; CTSD: cathepsin D;
DMEM: Dulbecco’s modified Eagle’s medium; EIF4EBP1/4E-BP1: eukaryotic translation initiation factor 4E
binding protein 1; GBA1 glucocerebrosidase 1: glucosidase, beta, acid; GPNMB: glycoprotein
(transmembrane) nmb; GSEA: gene-set enrichment analysis; HEPES: 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; IL: interleukin; KEGG: Kyoto encyclopedia of genes and genomes;
MAP1LC3/LC3: microtubule-associated protein 1 light chain 3; LAMP1: lysosomal-associated membrane
protein 1; LPS: lipopolysaccharide; LTG: LysoTracker Green; MiT/TFE: microphthalmia-transcription factor E;
MITF: melanogenesis associated transcription factor; MTOR: mechanistic target of rapamycin (serine/
threonine kinase); MTORC1: MTOR complex 1; PtdIns3K: class III phosphatidylinositol 3-kinase; RHEB: Ras
homolog enriched in brain; RPMI-1640: Roswell park memorial institute 1640; RRAG/RAG: Ras-related GTP
binding; RRHO: rank-rank hypergeometric overlap; RPS6/S6: ribosomal protein S6; TFE3: transcription
factor E3; TFEB: transcription factor EB; TLR: toll-like receptor; v-ATPase: vacuolar-type H+-translocating
adenosine triphosphatase
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Introduction

Lysosomes are ubiquitous membrane-bound organelles that
were first described by de Duve and colleagues [1]. These cata-
bolic structures contain a selection of acid hydrolases capable
of degrading a vast repertoire of biological substrates.
The lysosomal membrane harbors many multimeric protein
complexes involved in transport of metabolites in and out
of the lysosome, lumen acidification, trafficking, and fusion
with other intracellular structures [2,3] Both endocytic and

autophagic pathways converge on the lysosomal apparatus for
content degradation. The autophagic-lysosomal axis plays a
key role in cellular quality control and recycling of building
blocks. Macroautophagy/autophagy facilitates the removal of
aggregated or misfolded proteins and the removal of either
damaged or functionally redundant organelles under stress
conditions [4]. As a result, lysosomal dysfunction has been
coupled to a wide range of inherited [5-7] and acquired meta-
bolic disorders [8-11].
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Over the past decade, the view of the lysosome has evolved
radically from a static recycling center into a highly dynamic,
transcriptionally regulated organelle that is integral to nutrient-
sensing and metabolic adaptation [2-4]. In 2009, Sardiello et al.
defined a conserved lysosome-to-nucleus signaling nexus
controlled by the basic helix-loop-helix leucine zipper TFEB
(transcription factor EB) [12]. TFEB is a member of the micro-
phthalmia-transcription factor E (MiT/TFE) subfamily, to
which TFE3 (transcription factor E3) and MITF (melanogene-
sis associated transcription factor) also belong [13]. In response
to starvation or metabolic stress, TFEB undergoes cytosol-to-
nucleus shuttling where it activates a coherent transcriptional
program that controls major steps of the autophagic-lysosomal
system, such as lysosome biogenesis, autophagosome forma-
tion, autophagosome-lysosome fusion, and content degradation
[12,14]. TFEB recognizes a specific coordinated lysosomal
expression and regulation (CLEAR) motif (GTCACGTGAC)
enriched in the promoter regions of certain lysosomal and
autophagic genes [15]. A similar mode of action has been
ascribed to TFE3 through binding the E-box sequence motif
(CANNTG), which partially overlaps with the CLEAR
sequence [16,17]. Conversely, MITF regulates only a subset of
lysosomal-autophagic genes, but lacks the ability to promote
the formation of functional lysosomes [16,18]. It is unknown
whether MiT/TFE family members have cooperative, comple-
mentary, or nonredundant roles in tailoring the lysosomal sys-
tem to cell-type or metabolic stress-specific needs.

The first clues for a direct role of the lysosomal apparatus in
nutrient sensing emerged from a pioneering study by Sancak
et al [19]. They uncovered that the MTORC1 (mechanistic target
of rapamycin [serine/threonine kinase] complex 1), a master reg-
ulator of cell growth, localized to RAB7/RAS-related GTP-bind-
ing protein 7-positive vesicular structures in an amino acid-
sensitive fashion [19]. This localization depends on a heterodi-
meric RRAG/RAG (Ras-related GTP binding) GTPase signaling
complex that relays amino acid sufficiency to MTORC1. Recent
advances in this field have uncovered that active RRAG hetero-
dimers target MTORC1 to the lysosomal surface via a mecha-
nism that requires the vacuolar-type H+-translocating adenosine
triphosphatase (v-ATPase) and Ragulator, a pentameric scaffold-
ing complex that anchors RRAG GTPases to the lysosomal sur-
face [20-22]. These components allow MTORC1 to interact with
its upstream activator RHEB (Ras homolog enriched in brain),
and in turn control key biosynthetic and catabolic processes
[23-25]. In addition to stimulating cell growth under nutrient-
rich conditions, MTORC1 acutely inhibits autophagy by phos-
phorylating a range of autophagy effectors [26-28]. Moreover,
MTORC1 signaling has recently been linked to the transcrip-
tional regulation of autophagy by controlling the subcellular
localization of MiT/TFE proteins [29-32]. Active RRAG
GTPases direct MiT/TFE family members to the lysosomal sur-
face, where they undergo MTORC1-mediated phosphorylation,
resulting in their cytosolic retention. During starvation or lyso-
somal stress, MTORC1 is turned off and MiT/TFE proteins
localize to the nucleus and promote lysosomal-autophagic gene
expression [29-31].

The recently defined lysosome-based nutrient-sensing appara-
tus governed by MTORC1 and MIT/TFE family members has
positioned the lysosome at the forefront of metabolic research.

Indeed, aberrant lysosomal-autophagic transcriptional biology
and nutrient sensing has now been implicated in a range of
acquired disease states [5-11]. Yet, despite the upsurge of interest
in the lysosome as a major nutrient gateway, it is hitherto largely
unexplored whether specific in vitro cell culture conditions affect
lysosomal function and MiT/TFE subcellular localization. Here,
we identify HEPES, a widely applied chemical buffering agent in
cell culture—we found >800,000 hits in a Google Scholar search
(using “HEPES” AND “in vitro” AND “cell culture”)—as a potent
activator of MiT/TFE-dependent lysosomal-autophagic gene net-
works. Our data emphasize the importance of understanding
how cell culture media with its varying chemical, nutrient, and
buffer compositions, affect lysosomal homeostasis and cellular
metabolism in general.

Results

HEPES drives lysosome biogenesis in cultured cells

Macrophages are specialized phagocytic cells that rely on a
dynamic endolysosomal system to cope with varying substrate
fluxes that enter through endocytic and autophagic routes. As
part of our ongoing studies aimed at unraveling the transcrip-
tional regulation of the lysosomal stress reporter GPNMB
(glycoprotein [transmembrane] nmb) [33] in the RAW264.7
(RAW) cell line, we observed a robust on/off state when using
distinct growth media. RAW cells cultured in RPMI-1640
medium (22409; Dutch modification; see Materials and Meth-
ods) showed a marked induction of GPNMB expression as well
as its secreted form, relative to DMEM (31966) (Figure S1A-C).
In addition, by using the LysoTracker Green (LTG) dye, a spe-
cific marker for acidic organelle compartments, we measured
an »3.5-fold increase in the number of acidic organelles in
RPMI-grown cells by flow cytometry (Figure S1D). Parallel
studies using MitoTracker Green demonstrated no evident
changes in mitochondrial number (Figure S1E).

To identify the nutrient/chemical in RPMI initiating lyso-
somal biogenesis in cultured cells, we systematically compared
the formulations of the 2 respective growth media. This
revealed notable changes in glucose, amino acid, vitamin and
inorganic salt concentrations. The most striking discrepancy
was the inclusion of the zwitterionic biological buffer HEPES
(25 mM) in the RPMI recipe, which was lacking in DMEM.
Notably, we confirmed HEPES as the elusive factor driving the
induction of acidic organelles by recreating the lysosomal stress
phenotype in RAW cells cultured in a HEPES-containing
DMEM variant (32430) (Figure 1A). Conversely, switching
cells to HEPES-free RPMI (61870) completely abolished lyso-
somal biogenesis. In line with these results, supplementing
DMEM with culture-grade HEPES (DMEM+H) elicited a pro-
gressive and dose-dependent increase of LTG signal and
Gpnmb gene expression and protein (Figure 1B-C and S1F-I).
Moreover, this lysosomal stress signature fully resolved upon
the withdrawal of HEPES from cell culture media (Figure 1D-
E). To further characterize the impact of HEPES on an ultra-
structural level, we resorted to transmission electron micros-
copy (TEM). This analysis unveiled a striking vacuolation
phenotype in DMEM+H-grown cells (Figure 1F). These
vacuoles were readily visible by phase-contrast microscopy and
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stained positive for LAMP1 (lysosomal-associated membrane
protein 1) (Figure 1G), suggesting that they correspond to late
endosomes and/or lysosomes. Additionally, it is important to
note that HEPES supplementation to culture media did not
adversely affect cell viability (Figure S1J-K).

To determine whether the LAMP1-positive structures repre-
sent functional lysosomes, we first measured the activities of
lysosomal enzymes using a 4-MU assay and activity-based
probes (ABP) [34,35]. Indeed, DMEM+H-grown cells displayed
a significant increase in active GBA1/glucocerebrosidase 1 (glu-
cosidase, beta, acid) and cysteine cathepsin enzymes
(Figure 1H and S1L-M). We next determined lysosomal pro-
teolytic activity using the dequenched (DQ)-BSA reagent [36],
which is readily incorporated by cells via fluid-phase endocyto-
sis. Upon fusion with endo-lysosomes, DQ-BSA is digested

into smaller fragments, thereby relieving its self-quenching
properties and generating a fluorescent signal that reflects lyso-
somal degradative capacity (Figure 1I). Of interest, HEPES sup-
plementation to RAW cell culture media led to a marked
increase in DQ-BSA cleavage (Figure 1J), signifying that these
LAMP1-positive structures are, at least in part, functional lyso-
somes. Lastly, given the highly integrated nature of the autoph-
agy-lysosomal pathway, we explored the impact of HEPES on
the conversion of cytosolic MAP1LC3/LC3 (microtubule-asso-
ciated protein 1 light chain 3)-I to lipidated autophagic mem-
brane-bound LC3-II [37]. The steady-state level of
autophagosomes depends on both de novo synthesis and their
lysosomal turnover. We therefore measured autophagic flux in
the presence and absence of bafilomycin A1, a potent v-ATPase
inhibitor that blocks autophagosome-lysosome fusion and thus

Figure 1. HEPES drives lysosomal biogenesis in cultured RAW264.7 macrophages. (A) Flow cytometric analysis (FL1) of LTG-stained RAW cells grown in either DMEM
(31966), DMEM (32430; containing HEPES), RPMI (61870), or RPMI (22409; containing HEPES). (B) Time-course analysis of LTG staining in cells grown in DMEM supple-
mented with HEPES (25 mM) for 6–72 h. RPMI-grown cells served as a positive control. (C) Fluorescence microscopy analysis of LTG-stained RAW cells cultured in DMEM
or DMEM+H for 24 h. (D-E) RAW cells were adapted to grow in DMEM (32430; containing HEPES) for 7 d, after which culture media were replaced by HEPES-free DMEM
(31966) for 6–72 h. A time course for (D) LTG staining and (E) Immunoblot analysis of GPNMB and CTSD protein levels. (F) Transmission electron microscopy (TEM) analysis
of RAW cells grown in either DMEM or DMEM+H for 24 h. Scale bar: 1 mm. (G) Phase-contrast and immunofluorescence microscopy analysis of LAMP1-stained cells. (H)
Analysis of GBA1 enzymatic activity using a 4-MU-based assay in RAW cells grown in DMEM or DMEM+H for 24 h. (I) Schematic illustration of the DQ-BSA reagent used for
quantifying lysosomal proteolytic activity. DQ-BSA added to culture media is rapidly endocytosed, but only emits a fluorescent signal after cleavage by proteases inside
lysosomes. (J) Flow cytometric analysis of DQ-BSA cleavage (FL1) in RAW cells grown in DMEM or DMEM+H for 24 h. (K) Western blot analysis and (L) quantification of
LC3-II protein levels in RAW cells grown in DMEM or DMEM+H for 24 h, and where indicated treated with bafilomycin A1 (BAF A1; 100 nM) for the last 2 h. Values are
expressed as mean § SEM, n = 3-4 in A-L. ��P<0.01.
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LC3-II degradation. Under both normal and lysosome-inhib-
ited conditions, LC3-II levels were significantly elevated in
DMEM+H-grown RAW cells (Figure 1K-L), indicating that
HEPES drives biogenesis of the autophagic-lysosomal pathway.

HEPES affects MiT/TFE cytoplasmic-nuclear distribution

Of interest, the lysosomal phenotype induced by HEPES closely
mirrors a previously defined sucrose-driven vacuolation model
[38-40]. In addition, sucrose supplementation induces the
nuclear translocation of TFEB and activation of the lysosomal-
autophagic gene program [12]. This prompted us to study the
subcellular distribution of MiT/TFE family members in
response to HEPES. Immunofluorescence analysis showed
mainly cytosolic localization of endogenous TFEB, TFE3 and
MITF in standard DMEM-grown RAW cells (Figure 2A).
Notably, HEPES supplementation to cell culture media induced
a dramatic nuclear translocation of all 3 MiT/TFE family mem-
bers (Figure 2A-B). In line with prior studies [12,29-32] sucrose
(80 mM) and the MTOR catalytic site inhibitor Torin1 (400
nM) were equally potent in driving the nuclear localization of
MiT/TFE family proteins (Figure 2A-B). These observations
were further verified by immunoblotting performed after
nuclear-cytosolic fractionation (Figure 2C). In addition, treat-
ing DMEM+H-grown cells with an siRNA cocktail targeting
Tfeb, Tfe3, and Mitf, significantly blunted lysosome biogenesis
and gene expression (Figure S2A-C), thus directly coupling the
HEPES-dependent lysosomal stress response to MiT/TFE activ-
ity. In agreement, omitting HEPES from RAW culture media
led to a prompt MiT/TFE redistribution back to the cytosol
(Figure S2D).

We next aimed to clarify the molecular basis of MiT/TFE
activation in DMEM+H-cultured RAW cells. In recent years,
MTORC1 has emerged as the major repressor of lysosomal-
autophagic transcriptional biology under nutrient-replete con-
ditions via directly phosphorylating MiT/TFE proteins on mul-
tiple conserved residues, leading to their cytosolic sequestration
[29-32]. Similar to Torin1, HEPES or sucrose supplementation
to culture media changed the electrophoretic mobility of TFEB
to a fast-migrating form (Figure 2D), signifying dephosphory-
lated TFEB that is present in the nucleus [29,30]. Yet, both
buffering agents did not alter MTORC1 signaling, as measured
by phosphorylation of its substrates RPS6/S6 (ribosomal pro-
tein S6) and EIF4EBP1/4E-BP1 (eukaryotic translation initia-
tion factor 4E binding protein 1) (Figure 2D and S2E),
suggesting that HEPES affects MiT/TFE localization via an
MTORC1-independent mode of action. To evaluate whether
the effects of HEPES rely on active ingestion and delivery to the
lysosome, we made use of LY294002 (LY2), a potent inhibitor
of the class III phosphatidylinositol 3-kinase (PtdIns3K) and
fluid-phase endocytosis [41] (confirmed by monitoring the
uptake of FITC-labeled dextran; Figure S2F). A potential caveat
of studying the relevance of HEPES uptake is that well-known
inhibitors of endocytic trafficking either perturb lysosomal pH
or MTORC1 activity [30,42] both of which trigger MiT/TFE
redistribution to the nucleus. Notably, although LY2 inhibited
MTORC1 signaling to the same extent as Torin1, this was not
followed by a significant TFEB molecular weight shift
(Figure 2D). Moreover, LY2 pre-treatment largely prevented

the TFEB mobility shift induced by HEPES or sucrose, but not
by Torin1 (Figure 2D). In line with these observations, LY2
strongly blunted the ability of HEPES to drive MiT/TFE
nuclear transport and lysosome biogenesis (Figure 2E-G),
whereas the response to Torin1 was unaffected (Figure S2G).

The MiT/TFE factors mobilize to the nucleus in response to
inhibitors of the v-ATPase [29-31,33]. We thus reasoned that
aberrant HEPES storage may interfere with lysosomal pH regu-
lation. To test this hypothesis, we used LysoSensorTM Green
DND-189 (LSG) to measure lysosomal acidification. LSG fluo-
rescence intensity increases in more acidic cellular compart-
ments [43]. We opted for a short-term (2.5 h) exposure to
HEPES to exclude MiT/TFE-related compensatory effects
aimed at correcting the defective pH status of the lysosome.
Flow cytometric analysis of LSG-stained DMEM+H-grown cells
showed an LY2-sensitive reduction in fluorescent signal relative
to RAW controls (Figure 2H), reflecting a higher lysosomal pH.
In contrast, treating cells with Torin1 had little effect on LSG
signal (Figure 2H). The increase in lysosomal pH was validated
by using LysoSensorTM Yellow/Blue DND-160 (Figure 2I), a
ratiometric probe that allows for pH analysis in acidic organ-
elles. These data support a model of aberrant lysosomal pH
and/or storage as a mechanism for HEPES-dependent MiT/
TFE activation.

LY2 blocks the full lysosomal signature in DMEM+H-grown
RAW cells, most likely by its ability to suppress macropinocy-
tosis, a nonselective mode of fluid-phase endocytosis [44]. Sup-
porting this view, supplementing RAW cell culture media with
a number of chemical buffering agents (pH 7.4) recapitulated
HEPES-driven lysosome biogenesis (Figure 2J). Lastly, it is
important to note that macropinocytosis is a ubiquitous cellular
process, although the pinocytic rate varies between distinct cell
types [45]. This led us to explore whether HEPES-related lyso-
somal stress is a universal feature in mammalian cell culture.
Indeed, multiple widely used fibroblastic and cancerous cell
lines adapted to grow in DMEM+H showed a significant
increase in LTG signal, albeit less robust as observed in RAW
cells (Figure S2H). Similarly, this was accompanied by a pro-
gressive nuclear redistribution of endogenous MiT/TFE pro-
teins (Figure S2G), as shown by immunostaining. Together,
these results suggest that HEPES inclusion in cell culture media
drives a MiT/TFE-related lysosomal stress pathway.

HEPES disrupts global cellular transcriptional profiles

To study the global molecular consequence of HEPES on cellu-
lar transcriptional profiles, we conducted RNA-Seq on the
RAW cell line. Overall, HEPES supplementation to culture
media significantly affected the expression of »1738 genes
(15.5% of the total; Figure 3A). The molecular changes induced
by HEPES corroborated our phenotypic observations because
Kyoto encyclopedia of genes and genomes (KEGG) pathway
enrichment analysis unveiled upregulation of genes associated
with the lysosome (Figure 3B). Similarly, gene-set enrichment
analysis (GSEA) confirmed our findings that HEPES affects
MiT/TFE transcriptional biology, as illustrated by a robust
enrichment of numerous lysosome-autophagic genes harboring
CLEAR [15] and/or E-box [46] consensus motifs (Figure 3C-D
and S3). Additionally, classical pro-inflammatory pathways
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were significantly overrepresented among the genes induced by
HEPES, for example those involving TNF/TNFA, NFKB/NF-
kB, and TLR (toll-like receptor) (Figure 3A). This outcome is
befitting, as MiT/TFE members have recently also been defined
as key transcriptional regulators of the host-immune response
[33,46-48].

We next sought to identify whether the HEPES-associated
inflammatory signature mirrored a known macrophage polari-
zation state. M1 or ‘classically activated’ macrophages are
induced by pro-inflammatory mediators such as lipopolysac-
charide (LPS), whereas M2 or the ‘alternatively activated’ state

is typically generated after exposure to IL4. To define how the
global transcriptional changes in response to HEPES-induced
lysosomal stress compared to M1 or M2 polarization states, we
conducted parallel RNA-seq on RAW cells treated with
100 ng/ml LPS or 50 ng/ml IL4 for 24 h. We subsequently
applied a rank-rank hypergeometric overlap (RRHO) algorithm
that enables a global comparison of the molecular consequence
of HEPES with those defined by the polarization states. Nota-
bly, an RRHO map of the HEPES vs. LPS differentially
expressed genes uncovered a significant overlap, as shown by a
bright red intensity along the diagonal axis (Figure 4A). This

Figure 2. HEPES promotes MiT/TFE nuclear translocation independent of MTORC1 activity. (A) Representative images and (B) quantified MiT/TFE nuclear import in RAW
cells treated with HEPES (H), sucrose (S), or Torin1 (T) for 6 h, stained for endogenous TFEB, TFE3, or MITF levels (in green) and counterstained with DAPI (in blue). Values
are expressed as percent of cells counted (>100 per experiment). (C) Western blot analysis on cytosolic and nuclear fractions isolated from RAW macrophages treated for
6 h, as indicated. Membranes were probed with antibodies against MiT/TFE family members. TUBA and LMNB1 were used as controls for the cytosolic and nuclear frac-
tions, respectively. (D) HEPES and sucrose supplementation to RAW cell culture media does not inhibit MTORC1 signaling. Western blot analysis on protein extracts iso-
lated from RAW cells treated for 6 h as indicated in the presence and absence of the PtdIns3K inhibitor LY294002 (LY2; 50 mM). Membranes were probed with antibodies
against p-EIF4EBP1 (Thr37/46), p-RPS6 (Ser235/236), and TFEB. (E-G) LY2 prevents HEPES-dependent MiT/TFE nuclear redistribution and lysosome biogenesis. (E) Repre-
sentative images and (F) western blot analysis of MiT/TFE relocalization in RAW cells pretreated with LY2 for 30 min and subsequently cultured in either DMEM or
DMEM+H for 6 h. (G) Flow cytometric analysis of LTG-stained cells pre-treated with LY2 and grown in DMEM or DMEM+H for another 16 h. (H-I) HEPES perturbs lysosomal
pH/acidification. (H) Flow cytometric analysis of fluorescent intensity (FL1) in LysoSensorTM DND-189 stained RAW cells treated for 2 h, as indicated. (I) Quantified lyso-
somal pH using LysoSensorTM Yellow/Blue DND-160 in cells grown in DMEM or DMEM+H for 4 h. (J) Flow cytometric analysis of LTG-stained RAW cells grown in DMEM
supplemented with HEPES (20 mM), MES (20 mM), PIPES (10 mM), sucrose (80 mM), and Tris-HCl (20 mM) for 16 h. Values are expressed as mean § SEM, n = 3-4 in A-J.
�P < 0.05, ��P < 0.01.
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overlap was further evidenced by a positive correlation (r =
0.54) in the scatter plot of the corresponding Log2FC values
(Figure 4A). Conversely, the RRHO map and scatter plot com-
paring HEPES and IL4 showed a less conserved correlation pat-
tern (Figure 4B). Hence, these results indicate that HEPES
addition to culture media triggers a lysosomal stress-related
inflammatory phenotype that molecularly resembles an M1-
like activation state.

To explore the functional consequence of HEPES on cyto-
kine and interleukin biology in more detail, we evaluated the
cytokine/chemokine secretion profile using a cytokine array
blot (Figure 4C). This analysis supported an increased capacity
of DMEM+H-grown RAW cells to produce and secrete a num-
ber of cytokines (Figure 4C), such as TNF and CCL2. Of

interest, both M1 and M2 stimuli have recently been linked to
the induction of specific lysosomal gene programs in RAW
macrophages [46,49]. This led us to hypothesize that HEPES-
related lysosomal priming affects macrophage polarization in
response to M1 or M2 stimuli. To this end, RAW cells were
grown in the presence or absence of HEPES for 48 h, and
pulsed with either LPS or IL4 for the last 24 h. HEPES potenti-
ated the capacity of LPS to induce M1-specific markers, includ-
ing Tnf, Ccl2, and Il1rn (Figure 4D). Moreover, the presence of
HEPES also enhanced the IL4 (M2 like) response, as shown by
amplified transcript levels of the M2-specific marker Arg1
(Figure 4D). Notably, Cstd expression was similarly upregu-
lated in both HEPES and LPS-treated cells (Figure 4E). The
lack of a synergistic effect between HEPES and LPS implies

Figure 3. Global molecular consequence of HEPES on the RAW264.7 macrophage cell line. (A) A heatmap transformation of the z-score normalized levels of the top
»1738 differentially expressed genes (log FC>j0.5j with adj p-value of <0.01) following HEPES supplementation to RAW cell culture media for 24 h. (B) Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway enrichment analysis on 2 lists with either up- or downregulated genes in response to HEPES. Node color indicates cellular
pathways that were mostly enriched in upregulated (more red) or downregulated (more blue) genes or nonspecific to direction of the expression change (gray). (C-D)
HEPES drives a MiT/TFE-mediated gene signature in RAW cells. Gene set enrichment analysis (GSEA) on the RAW transcriptome following exposure to HEPES for 24 h.
Graphs show enrichment plots of ranked gene expression data (red, upregulated; blue, downregulated). The enrichment score is depicted as a green line, and the vertical
black bars below indicate the position of lysosomal-autophagic and innate host-immune response genes carrying either validated (C) CLEAR sequences bound by
TFEB12,15 or (D) E-box consensus motifs bound by TFE3.46
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that both stimuli converge on the same effector pathway. In line
with this, LPS-mediated TLR signaling in RAW macrophages
has recently been shown to drive nuclear import of TFEB and
TFE3 [46]. Finally, we observed a distinct pattern for Gpnmb
transcript levels, which was selectively induced in DMEM+H-
grown cells (Figure 4E). Together, these data suggest that
HEPES supplementation to culture media alters the RAW
polarization response. Additionally, whereas HEPES and LPS
both converge on MiT/TFE signaling, specific triggers may gov-
ern a tailored transcriptional outcome.

Discussion

In recent years, the lysosome has evolved from a static recycling
center into a dynamic, transcriptionally regulated organelle
integral to nutrient sensing [12,19]. This involves a highly inte-
grated signaling nexus governed by MTORC1 and the MiT/
TFE family members. Indeed, deregulated lysosomal function
has now been implicated in a wide range of acquired disease

states, including obesity, inflammation, aging, and cancer [8-
11]. This underscores the importance of using a well-defined
set of in vitro cell culture conditions in order to accurately
study cellular metabolism and disease pathogenesis. Our study
defines HEPES, a chemical buffering agent that is broadly
applied in culture media, as a potent inducer of transcriptional
changes leading to lysosome biogenesis. The HEPES-dependent
lysosomal stress signature is mechanistically coupled to activa-
tion of the MiT/TFE family members. Increased nuclear import
drives a global network of lysosome-autophagic and innate
host-immune genes in the monocytic RAW cell line. This
reflects an adaptive metabolic response to cope with aberrant
lysosomal pH and/or storage upon active HEPES ingestion.

Work in the 1980s first described a HEPES-driven vacuola-
tion phenotype in cultured cells, although the underlying
mechanism(s) remained elusive [50,51]. The MiT/TFE family
members—TFEB, TFE3, and MITF—have recently been
defined as “master regulators” of the lysosomal-autophagic
transcriptional biology [12,14-16]. Here, we present several

Figure 4. HEPES affects host-immune gene programs in RAW macrophages. (A-B) Rank-rank hypergeometric overlap (RRHO) analysis comparing the gene ranking (log FC)
affected by HEPES (relative to DMEM) to an (A) M1 polarization state induced by LPS (100 ng/ml), or an (B) M2-specific state induced by IL4 (50 ng/ml). Pixel values in the
RRHO map represent the log10-transformed hypergeometric overlap of subsections of 2 ranked gene lists (step size 100 genes). Red values indicate a higher than
expected number of overlapping genes in the subsections, and blue values signify a lower than expected overlapping gene number. Below the heatmaps, the metric val-
ues (log FC) used for the differential expression levels are plotted in a bar graph along x- and y-axes. A scatter plot (A-B) of the datasets is shown for comparing the
RRHO map to a standard metric of correlation (Pearson). The RRHO result and Pearson correlation coefficient reflect a similar relationship. (C) Cytokine array blots on cul-
ture media derived from DMEM or DMEM+H-grown cells for 24 h. Secreted cytokines and chemokines in culture media were detected using a Mouse Cytokine Array kit
and quantified with the Odyssey V3.0 software (fold-increase relative to DMEM ctrl). Secreted GPNMB levels were measured as a positive control. (D-E) RT-PCR analysis of
the specified (D) M1- and M2-specific markers and (E) MiT/TFE target genes in RAW cells grown in DMEM or DMEM+H for 24 h and pulsed with either vehicle Ctrl (-), LPS
(100 ng/ml) or IL4 (50 ng/ml) for another 24 h. Gene expression was normalized to Rplp0. Values are expressed as mean § SEM, n = 3-4 in A-E. �P < 0.05, ��P < 0.01.
N.S., nonsignificant.
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lines of evidence supporting a MiT/TFE dependency of the
HEPES-induced lysosomal stress response. First, HEPES sup-
plementation to cell culture media induced a dramatic nuclear
translocation of MiT/TFE family members. Second, HEPES
withdrawal from culture media led to MiT/TFE redistribution
back to the cytosol. Third, siRNA-mediated MiT/TFE knock-
down blunted lysosomal biogenesis and gene expression pro-
files in DMEM+H-grown cells. Fourth, inhibition of fluid-phase
endocytosis largely prevented the HEPES-driven TFEB mobil-
ity shift, MiT/TFE nuclear translocation, and the associated
increase in LTG signal. Fifth, a GSEA on RNA-seq datasets
showed that direct TFEB and TFE3 target genes were overrep-
resented in the fraction of genes upregulated by HEPES.

The MiT/TFE members, in particular TFEB and TFE3, are
key effectors in cellular adaptation to starvation or lysosomal
stress [14-16]. It is widely accepted that both stressors trigger
MiT/TFE nuclear transport by virtue of their ability to suppress
MTORC1 [29-31]. The emerging concept of MTORC1 activa-
tion status as a gating factor in determining MiT/TFE localiza-
tion has recently been questioned by Pastore et al [46]. They
have reported that TLR signaling in macrophages drives TFE3
nuclear import under conditions of sustained MTORC1 activ-
ity. Consistently, HEPES-dependent MiT/TFE nuclear redistri-
bution was independent of changes in MTORC1 activity, as
judged by the phosphorylation status of its downstream targets
RPS6 and EIF4EBP1. Thus, MiT/TFE activation by HEPES
appears to be mechanistically distinct from the response to star-
vation or MTORC1 inhibition. Reinforcing this view, LY2 pre-
vented the ability of HEPES to drive MiT/TFE translocation,
whereas the response to Torin1 was insensitive to PtdIns3K
inhibition. We speculate that aberrant lysosomal pH and/or
storage triggered by HEPES is sensed by a hitherto unknown
signaling node (e.g. a lysosome-resident phosphatase or PRKC
[52,53]) that converges on MiT/TFE localization.

Our data uncover an apparent nonlinearity between
MTORC1 activation status and MiT/TFE subcellular distribu-
tion. Treating RAW macrophages with the PtdIns3K inhibitor
LY2 led to a near-complete suppression of MTORC1 activity,
but this was not accompanied by MiT/TFE nuclear relocaliza-
tion. This observation is in contrast to a previous study by Mar-
tina et al [30]. showing that LY2 triggers a TFEB mobility shift
to a fast-migrating form and concomitant cytosol-to-nucleus
shuttling in ARPE-19 cells. Importantly, experiments using the
MTOR kinase inhibitor Torin1 verified that MTORC1-MiT/
TFE regulation is intact in RAW cells. The inability of LY2 to
prevent Torin1-mediated MiT/TFE redistribution to the
nucleus suggests that their cytosolic retention in LY2-treated
cells may still be MTORC1 dependent. This is based on the
premise that LY2 impairs the activity of MTORC1 on only a
subset of downstream targets, such as RPS6 and EIF4EBP1.
Future studies will be required to determine whether MiT/TFE
family members are in fact LY2-resistant MTORC1 substrates
in RAW cells. Alternatively, MiT/TFE localization may be sub-
ject to cell type-specific regulatory mechanisms that act in par-
allel with MTOR.

We have previously reported that GPNMB is highly induced
in RAW cells following exposure to chemical inhibitors of lyso-
some acidification (e.g., by targeting v-ATPase) and MTORC1,
or physiological stressors such as palmitate [33]. Here, we

extend these observations by showing that GPNMB is similarly
induced in response to HEPES and sucrose. However, it is
intriguing to note that although numerous lysosomal-autopha-
gic genes are highly upregulated by LPS, Gpnmb was not one of
them. This implies that LPS-induced TLR activation drives
only a specific subset of the MiT/TFE transcriptional network.
In light of this, the data presented here exhibit parallels with
the study by Pastore et al. [46], delineating synergistic roles of
TFEB and TFE3 in the regulation of innate host-immune genes
in RAW macrophages [46]. Our RNA-Seq analysis of
DMEM+H-grown RAW cells confirmed a global induction of
host-immune genes, supporting a functional role for the lyso-
some as a critical integrator of metabolic-inflammatory cross-
talk in macrophages [9,33,46,48]. Defining how distinct stimuli
such as lysosomal stress, starvation/MTORC1 inhibition, or
TLR signaling inhibition, induce a tailored MiT/TFE transcrip-
tional program requires further investigation.

By eliciting a MiT/TFE-driven feed-forward loop in lyso-
somal-autophagic biogenesis, HEPES could potentially affect
the outcome of studies in diverse research disciplines. For
example, numerous studies have demonstrated that autophagy
induction counteracts the deposition of aggregate-prone pro-
teins, such as mutant H (huntingtin), SNCA/a-synuclein, and
the pathological PRNP (prion protein; PRNPSc) [54,55]. In fact,
HEPES has recently been shown to interfere with the build-up
of PRNPSc in cultured cells [56]. Similarly, by virtue of its abil-
ity to induce endo-lysosomal biogenesis, HEPES may pose a
confounding factor in cancer stem cell research by potentiating
the WNT signaling pathway [18,57]. In addition, as shown
here, the impact of HEPES is most penetrant in scavenging cell
types such as macrophages, leading to altered host-immune
responses and polarization state. Lastly, HEPES supplementa-
tion to culture media likely alters the outcome of high-through-
put screenings and lysosomal storage disorder diagnostics via
boosting the lysosomal machinery. It should however be noted
that the confounding effects of HEPES depend on the cell type
(e.g., the intrinsic rate of fluid-phase endocytosis) and duration
of the incubation period.

In conclusion, our study calls for caution when utilizing
zwitterionic buffering agents in culture media. We have shown
here that HEPES addition to cell growth media affects core
aspects of the lysosomal-autophagic machinery and inflamma-
tory signaling. Given that the lysosome is at the very center of
nutrient-sensing and stress adaptation, this has major implica-
tions for studying a wide range of metabolic processes, such as
autophagy, immunology, cancer, and neurodegeneration.

Materials and methods

Cell culture and siRNAs

The RAW264.7 cell line (ATCC, TIB-71) was cultured in
DMEM (Thermo Fisher Scientific, 31966), DMEM (32430;
containing HEPES), RPMI (61870), or RPMI (22409; Dutch
modification), supplemented with 10% fetal calf serum (Invi-
trogen, 10270106) and antibiotics (pen-strep) in a humidified
incubator at 37�C and 5% CO2. Where indicated, culture-grade
HEPES (Thermo Fisher Scientific, 15630) was added to
DMEM. HEK293T (CRL-3216), HepG2 (HB-8065), 3T3-L1
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(CL-173), C2C12 (CRL-1772) and HeLa (CCL-2) cells (all from
ATCC) were grown in DMEM (31966) or DMEM (32430);
containing HEPES. For buffer comparison, PIPES disodium
salt (Sigma, P3768) and MES (Sigma, M3671) were added to
DMEM as indicated. For the siRNA experiments, RAW cells
were seeded at a density of 3 £ 105 cells/ml 3 h prior to trans-
fection. Cells were transfected with 2 siRNA sequences per
gene target. The used siRNA sequences were as follows: Tfeb
(QIAGEN: SI01444394, SI01444408), Tfe3 (SI01444415,
SI05181435), Mitf (SI02687692, SI02709637), and control
(CTRL) siRNA (SI03650318) at a final concentration of 50 nM
according to manufacturer’s instructions. Gene expression
analysis was performed 48 h post transfection.

Cell viability assays

Cell viability was determined using the WST1 reagent (Sigma,
5015944001) according to the manufacturer’s instructions. The
absorbance at 450 nm was measured using an ELISA plate
reader (Synergy BioTek). The propidium iodide (PI; Thermo
Fisher Scientific, P1304MP) exclusion assay was performed as
follows: RAW264.7 cells were gently scraped and washed in
phosphate-buffered saline (PBS; Gibco, 70011044). A cell sus-
pension (1£ 106/100 mL) was incubated with 5 mL PI (10 mg/ml)
for 2 min prior to flow cytometric analysis (FL2).

Western blot analysis and antibodies

Cell lysates were prepared in RIPA buffer (150 mM NaCl,
50 mM Tris-HCl, pH 7.4, 2 mM EDTA, 10 mM NaF, 1 mM
Na3VO4, 1 mM PMSF (Sigma, P7626), 0.5% sodiumdeoxycho-
late 1% Triton X-100 (Sigma, X100), supplemented with prote-
ase (Sigma, 11697498001) and phosphatase (Sigma,
4906845001) inhibitors. Lysates were cleared by centrifugation
at 4�C for 15 min at 12,000 x g and protein concentrations
were determined using the BCA method (Thermo Fisher Scien-
tific, 23225). Samples were boiled, separated by SDS-PAGE,
and transferred to nitrocellulose. Membranes were saturated
with 5% (w:v) bovine serum albumin (Sigma, A1906) in PBS-
0.1% Tween-20 (Sigma, P1379) for 2 h at room temperature
(RT), and probed overnight at 4�C with the following antibod-
ies: GPNMB (R&D systems, AF2330), LC3B (Cell Signaling
Technology, 4108), CTSD (house made), MITF (Exalpha Bio-
logicals Inc, X1405M), TFEB (Bethyl Lab Inc, A303-673A),
TUBA (a-tubulin; Cedarlane, CLT9002), LMNB1 (Lamin B;
Santa Cruz Biotechnology, SC6216), total RPS6 (Cell Signaling,
2217S), phosphorylated RPS6 (Cell Signaling Technology,
4856S), total EIF4EBP (Cell Signaling Technology, 69445S),
and phosphorylated EIF4EBP (Cell Signaling Technology,
94595). For detection, membranes were exposed to matching
IRdye-conjugated antibodies (Westburg BV, 926–
23313/-32214/-32210/-32211) and analyzed with the Odyssey
V3.0 Infrared Imaging System (LI-COR Biosciences).

Immunofluorescence

RAW264.7 cells were cultured on glass coverslips in the pres-
ence of HEPES (25 mM), sucrose (80 mM, Sigma, S7903), or
Torin1 (400 nM, Tocris, 4247) for 6 h. Cells were fixed in ice-

cold methanol (Biosolve, 13680502) for 10 min at ¡20�C. Cells
were then stained with primary abs for TFEB, MITF or TFE3,
and detected with Alexa Fluor 488 targeting mouse or rabbit
IgG (Invitrogen, A2102 and A21206 resp.). Representative
images were captured with a Confocal SP5 LEICA (Leica
Microsystem, USA) with a 63x objective, using an excitation
wavelength of 488 nm. For LAMP1 staining, cells were fixed in
4% (w:v) paraformaldehyde in PBS (pH 7.4), for 30 min at RT.
Primary antibodies against LAMP1 (Abcam, ab24170) were
detected with Alexa Fluor 647 and visualized using an EVOS
microscope (Thermo Fisher Scientific). To monitor fluid-phase
endocytosis, RAW cells were cultured in serum-free DMEM
for 4 h followed by LY294002 (50 mM; Sigma, L9908) treatment
for 30 min. Thereafter, FITC-labeled dextran (Sigma, 46944)
was added to the culture media (1 mg/ml) for a final 30 min.
Cells were rinsed in ice-cold PBS and monitored using the
EVOS microscope.

Real-time PCR

Total RNA was isolated using the NucleoSpin II extraction kit
(Macherey Nagel, 740955-250). Equal amounts of total RNA
were used to synthesize cDNA according to the manufacturer’s
method (Invitrogen, 18091200). Analysis of gene expression
was performed with the iCycler MyiQTM system (Bio-Rad)
with initial denaturation at 95�C for 10 min, followed by 40
PCR cycles, each consisting of 95�C for 15 sec, 60�C for 1 min,
and 72�C for 1 min. mRNA expression was calculated using
the DDCt method, relative to Rplp0. Oligonucleotide sequences
are available upon request.

RNA-seq analysis

RAW cells were cultured in DMEM in the presence of either
HEPES (25 mM), IL4 (50 ng/ml; R&D systems, 404-ML-010),
and LPS (50 ng/ml; Salmonella Minnesota R595; Enzo Life Sci-
ences), for 24 h. RNA was isolated with the NucleoSpin II
extraction kit, and was submitted for sequencing at the Geno-
mics Core Facility at the Icahn Institute and Department of
Genetics (http://icahn.mssm.edu/research/genomics/core-facil
ity). cDNA libraries were prepared with the Illumina Ribo-Zero
Gold rRNA (MRZG126) removal kit. Samples were run on Illu-
mina HiSeq 2000 at a read-length of 100 nucleotides single end,
and at a sequencing depth of »50 million reads per sample.
Raw and processed data were returned and count files were
generated by aligning to mouse genome mm10 (GRCm38.75)
with STAR [58]. Counting overlaps with exons were grouped at
the gene level with featureCounts [59]. A differential expression
study was conducted with R package limma (Voom transfor-
mation) [60]. Low count genes were removed in the limma
analysis, genes were kept if they had at least 1 count per million
in at least 3 samples. The cut-off value for differential expres-
sion was chosen at an adjusted p-value (Benjamini-Hochberg)
of <0.05 unless otherwise stated.

In silico analysis

GSEA was performed using a desktop software application
(v2.2.2) [61] on a pre-ranked list of differentially expressed genes
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(based on the log-fold change of HEPES vs. DMEM Ctrl incuba-
tions) using custom gene sets for lysosomal-autophagic and host-
immune response genes carrying either validated CLEAR-consen-
sus elements [12,15] or E-box consensus motifs [46]. Additional
options selected included 1000 permutations and a weighted
enrichment statistic. The Rank-rank hypergeometric overlap test
was performed using software implemented on http://systems.
crump.ucla.edu/rankrank/rankranksimple.php [62]. From each
set of treatments—HEPES, LPS, IL4—a pre-ranked list of genes
was generated based on the log fold change differences in gene
expression between the treated and nontreated condition. The fol-
lowing parameters were selected: step size of 100; Bejamini-Yeku-
tieli p-value correction; and rank and metric scatter plot
generation. Pathway enrichment analysis on differentially
expressed genes was performed using ClueGo (v2.1.7) and Clue-
Pedia (v1.1.7) plug-ins in Cytoscape (v3.1.0) with the KEGG
pathway database (10.04.2016 download) [63-65]. The pathways
with a Benjamin-Hochberg corrected p-value <0.005 are shown.
The heatmap was generated using heatmap.2 function in gplots R
package (http://CRAN.R-project.org/package=gplots).

Secretome analysis

RAW264.7 cells were cultured in 25 mM HEPES containing
DMEM or in DMEM alone for 48h. Secreted cytokine levels
blotted and analyzed using a Mouse Cytokine Array Panel A
Kit (R&D Systems, ARY006) using the manufacturer’s
instructions.

Analysis of lysosomal parameters

RAW cells were rinsed 3 times and gently scraped in PBS. Fol-
lowing centrifugation and cell counting, equal cell suspensions
were stained with 50 nM LysoTracker Green DND-26 (Thermo
Fisher Scientific, L7526) for 10 min or exposed to 50 mg/ml
DQTM Green BSA (Thermo Fisher Scientific, D12050) for 3 h
at 37�C, washed in PBS, and analyzed by flow cytometry
(FACS Calibur, BD Biosciences) to evaluate lysosomal mass
and proteolytic activity. Lysosomal acidification was assayed
using 1 mM LysoSensorTM Green DND-189 (Thermo Fisher
Scientific, L7535) for 30 min at 37�C, and lysosomal pH was
assayed with LysoSensorTM Yellow/Blue DND-160 (Thermo
Fisher Scientific, L7545) at 37�C for 1 h. RAW cells were ana-
lyzed directly or equilibrated in MES buffer (25 mM MES,
5 mM NaCl, 115 mM KCl, 1.2 mM MgSO4) supplemented
with monensin (10 mM; Sigma, M5273) and nigericin (10 mM;
Sigma, N7142); pH ranging from 4.0-6.0. Excitation and emis-
sion spectra (329 and 440; 384 and 540) were determined in a
Perkin-Elmer LS55 spectrometer. The yellow:blue ratio emis-
sion was plotted against the pH calibration curve and pH values
were calculated.

Lysosomal enzymatic activity

For GBA1-related glucosidase activity, 4-methylumbelliferyl (4-
MU)-b-D-glucopyranoside (Sigma, M3633) was utilized as an
artificial substrate at 37�C, in 150 mM citric acid-Na2HPO4

(pH 5.2) buffer supplemented with 0.2% sodium taurocholate
(Sigma, T0557), 0.1% Triton X-100 and 0.1% BSA. The

enzymatic reaction was stopped with NaOH-glycine (pH 10.6)
and fluorescence of liberated 4-MU was determined with a
fluorometer LS55 (Perkin Elmer) using λex 366 nm and λem
445 nm.

Activity-based probe analysis

ABP-MDW941/Inhibody Red [34] was used (1 nM for 16 h;
synthesized in reference [34]) to label active endogenous GBA1
molecules in RAW cells. Images were taken with a confocal
SP5 Leica with a 63x objective using an excitation wavelength
of 561 nm. For cysteine cathepsin labeling, ABP DCG-04 [35]
was added (500 nM for 2 h; synthesized in reference [35]) to
cells. After rinsing in PBS, cell homogenates were prepared in
KPi lysis buffer (25 mM K2HPO4/KH2PO4, pH 6.5, 0.1% [v:v]
Triton X-100) supplemented with protease inhibitors. After
protein separation with SDS-PAGE (10%), fluorescence was
subsequently monitored in wet slab gels with a Typhoon Vari-
able Mode Imager (Amersham Biosciences) using λex 488 nm
and λem 520 nm (bandpass 40).

GPNMB ELISA

Secreted GPNMB levels in culture media were determined
using a mouse GPNMB ELISA according to the instructions of
the manufacturer (R&D systems, DY2330).

Transmission electron microscopy

RAW cells were maintained as described and fixed at RT by
addition of Karnovsky fixative (2.5% glutaraldehyde, 2% form-
aldehyde solution in 0.2 M cacodylate buffer, pH 7.4) 1:1 to
growth media for 10 min. This was replaced by fresh fixative
for 2 h at RT. Thereafter, cells were post-fixed with 1% OsO4,
1.5% K3Fe(III)(CN)6 in 0.1 M cacodylate buffer, for 2 h at RT.
Cells were then dehydrated and embedded in Epon epoxy resin
(Polysciences, 02334–500). Ultrathin sections of 60 nm were
contrasted with uranyl acetate and lead citrate using the AC20
(Leica) and studied with a Jeol 1010 electron microscope (Jeol
Europe).

Statistics

Values are presented as mean § SEM. Statistical significance
was analyzed with a 2-tailed unpaired Student t test. Criterion
for statistical significance was set on P < 0.05, unless stated
otherwise.
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