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activation in the presumptive neurogenic ectoderm
(29), identified by ChIP-chip assays for the DV
regulatory genes Dorsal, Twist, and Snail (30).
Shadow enhancers might compensate for fluctua-
tions in Dorsal concentrations by increasing the
probability of occupancy of critical Dorsal binding
sites (10, 29-33). In contrast, neither of the genes
that display stochastic activation in d//+ embryos
(rho and Neu3) appear to contain shadow en-
hancers (Fig. 4C). However, these results are
preliminary, and definitive evidence that shadow
enhancers provide an adaptive response to genet-
ic perturbations will require additional study.

Previous visualization studies failed to distin-
guish synchronous and stochastic modes of gene
activation (12-18, 20, 21, 23, 27, 30, 34-36).
This finding was made possible by the use of a
quantitative method that examines gene expres-
sion in many embryos rather than just a few
individual embryos. Most DV patterning genes
contain stalled Pol II (37), and we predict that
most of these genes exhibit synchronous patterns
of induction.

Pol II stalling and transcriptional synchrony
may help to ensure the orderly unfolding of the
complex genetic programs that control develop-
ment. It is likely that any given gene, or even
small sets of genes, can be activated in a sto-
chastic fashion without causing severe patterning
defects. However, the reproducible and reliable
development of large populations of embryos
might be incrementally augmented by the ac-

quisition of stalled Pol II on critical developmen-
tal control genes.
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Lysosomes are organelles central to degradation and recycling processes in animal cells. Whether
lysosomal activity is coordinated to respond to cellular needs remains unclear. We found that

most lysosomal genes exhibit coordinated transcriptional behavior and are regulated by the
transcription factor EB (TFEB). Under aberrant lysosomal storage conditions, TFEB translocated from
the cytoplasm to the nucleus, resulting in the activation of its target genes. TFEB overexpression in
cultured cells induced lysosomal biogenesis and increased the degradation of complex molecules,
such as glycosaminoglycans and the pathogenic protein that causes Huntington’s disease. Thus, a
genetic program controls lysosomal biogenesis and function, providing a potential therapeutic target
to enhance cellular clearing in lysosomal storage disorders and neurodegenerative diseases.

molecules received from the secretory,

endocytic, autophagic, and phagocytic path-
ways (/). Because degradation requirements of
the cell may vary depending on tissue type,
age, and environmental conditions, we postulated
the presence of a cellular program coordinating
lysosomal activity. By using the g:profiler (2)
tool, we observed that genes encoding lysosomal
proteins, hereafter referred to as lysosomal genes,
tend to have coordinated expression (figs. S1 and
S2). Pattern discovery analysis of the promoter

Lysosomes are specialized to degrade macro-

regions of the 96 known lysosomal genes (3) re-
sulted in the identification of a palindromic 10-base
pair (bp) GTCACGTGAC motif highly enriched
in this promoter set (68 genes out of 96; P <
0.0001) (fig. S3). This motif is preferentially
located within 200 bp from the transcription start
site (TSS), either as a single sequence or as tan-
dem multiple copies (fig. S4 and table S1). The
distribution of this motif was determined around
all human gene TSSs (Fig. 1A), and gene on-
tology analysis of the genes with at least two
motifs within 200 bp from the TSS—suggesting

that they are probably in a promoter—showed a
significant enrichment for functional categories
related to lysosomal biogenesis and function
(table S2). Thus, we named this motif Coor-
dinated Lysosomal Expression and Regulation
(CLEAR) element. A luciferase assay showed that
the CLEAR element mediates transcriptional acti-
vation (Fig. 1B).

The CLEAR consensus sequence overlaps
that of the E-box (CANNTG), a known target
site for basic helix-loop-helix (bHLH) transcrip-
tion factors (4). In particular, members of the
microphthalmia—transcription factor E (MiT/TFE)
subfamily of bHLH factors were found to bind
sequences similar to the CLEAR consensus (9).
The MiT/TFE subfamily is composed of four
members in humans: MITFE, TFE3, TFEB, and
TFEC (6). To determine whether any of these
proteins are able to modulate the expression of
lysosomal genes, we transfected HeLa cells with
plasmids carrying MITF, TFE3, TFEB, or TFEC
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malized relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (D) ~ 107%). All experiments in (B), (C), and (D) were performed in triplicates (data
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Fig. 3. The CLEAR networkisac- p °© B 45 u
tivated by lysosomal storage. (A) . e %
ChIP analysis following lysosomal g __2‘?;; =
storage of sucrose. The histogram g 4 " T £
shows the ratio (expressed as fold 5 3 = —— MCOLNI §
change) between the amounts of o . o —ATP6VIH | L
FLAG-immunoprecipitated chroma- @ 2 o ——TFEB =
tin in sucrose-treated versus non- 1 - —=STAT3
treated cells. Lysosomal genes I l I l l 2 il ©
show an average two- to threg-fold 0 ROl NS aE R fg:é“ =
increase of immunoprecipitated TGP EEEIRGLn SXES onecurz |8
chromatin, whereas no significant pgbLL TQIHE <<= = MTDH
changes are observed for control < ® W % 20 40 60 80 100

genes. (B) Expression analysis of Lysosomal genes Controls Time (h)

lysosomal genes after sucrose sup-
plementation. The diagram shows
a time-course analysis of the mRNA
levels of lysosomal genes and of
TFEB. Gene expression was mon-
itored by means of real-time quan-
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plicates (data represent mean = SD).
() Immunofluorescence microsco-
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pressing TFEB-3xFLAG were stained
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culture medium. (D) Immunofluorescence microscopy analysis of TFEB local-  FLAG. The percentages of nuclei positive for FLAG staining were estimated by
ization in mouse embryonic fibroblasts (MEFs) from mouse models of three  examining 100 cells per cell type in two different transfection experiments
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cDNAs. We observed an increase in the mRNA
levels of lysosomal genes (22 out of 23 genes
tested) only after TFEB overexpression (Fig. 1C).
Accordingly, we detected a significant increase in
the activities of lysosomal enzymes B-glucosidase,
Cathepsin D, and B-glucuronidase (fig. S5). Induc-
tion of lysosomal genes after TFEB overexpres-
sion was also observed in human embryonic
kidney (HEK) 293 cells (fig. S6). We predicted
that TFEB could be a target of the microRNA
miR-128 (7), which was confirmed by luciferase
experiments (fig. S7). TFEB silencing mediated
by miRNA was associated with the downregula-
tion of 18 out of the 23 lysosomal genes tested
(Fig. 1C and fig. S8). Thus, TFEB regulates the
expression of lysosomal genes.

To test whether lysosomal genes are direct
targets of TFEB, we performed chromatin immu-
noprecipitation (ChIP) analysis on HeLa cells
that stably express a TFEB 3xFLAG construct
using an antibody to FLAG. The results demon-
strated that TFEB binds to CLEAR sites (Fig.
1D). To identify genes responsive to TFEB on a
genomic scale, we performed microarray analy-
sis of the HeLa transcriptome after TFEB over-
expression. We observed that 291 genes were
upregulated and seven were down-regulated, at a
false discovery rate of <0.1 (table S3). Upregu-
lated genes were greatly enriched with lysosomal
genes and genes related to lysosomal biogenesis
and function (figs. S9 and S10 and table S4).
Accordingly, gene set enrichment analysis (GSEA)
showed a significant enrichment (enrichment
score = 0.84; P < 0.0001) of lysosomal genes
that contain CLEAR elements in their promoters
among induced genes (fig. S11). Nonlysosomal
genes involved in degradation pathways appear
to be modulated by TFEB. These include RRAGC
and UVRAG, which are key factors regulating auto-
phagy (8, 9); CSTB, which plays a role in protect-
ing against the proteases leaking from lysosomes
(10); and M6PR and IGF2R, which mediate the
import of proteins into the lysosome (/7). To
illustrate the feasibility of using the CLEAR
network as a tool to identify genes involved in
lysosomal function and to provide candidate genes
for orphan lysosomal diseases (3), we determined
the subcellular distribution of two randomly
chosen proteins of unknown function, Clorf85
and C120rf49. The uncharacterized TFEB tar-
get, Clorf85, was found localized to lysosomes
(Fig. 1E).

An expansion of the lysosomal compartment
was detected in Hela transfectants that stably
overexpress TFEB (Fig. 2, A and B, and fig. S12).
Accordingly, ultrastructural analysis revealed a
significant increase in the number of lysosomes
per cell (Fig. 2, C and D), indicating the involve-
ment of TFEB in lysosomal biogenesis. This is
similar to MITF, another member of the MiT/TFE
family, which is involved in a related cellular
function, melanosomal biogenesis (6).

An increase of the expression levels of lyso-
somal genes and of genes involved in cholesterol
biosynthesis and intracellular trafficking was pre-

viously reported in a sucrose-induced vacuola-
tion model (/2, 13). We used this model to test
whether the TFEB-CLEAR network responds to
lysosomal storage of undegraded molecules. An
increase of the binding events of TFEB to
lysosomal promoters (Fig. 3A) and of the mRNA
levels of lysosomal genes, and to a lesser extent
of TFEB, was detected upon sucrose supplemen-
tation to the culture medium (Fig. 3B). The
addition of sucrose also determined the progres-
sive translocation of TFEB from a diffuse local-
ization in the cytoplasm, where it predominantly
resides in untreated cells, to the nucleus (Fig. 3C),
suggesting that nuclear translocation is an impor-
tant mechanism for TFEB activation.

Over 40 lysosomal storage disorders (LSDs)
are characterized by the progressive accumula-
tion of undigested macromolecules within the
cell, resulting in cellular dysfunction that leads to
diverse clinical manifestations (1, 14, 15). We
investigated TFEB subcellular localization in em-
bryonic fibroblasts obtained from mouse models
of three different LSDs, Mucopolysaccharidoses
types II and IIIA (MPSII and MPSIIIA) and
Multiple Sulfatase Deficiency (MSD) (16-18). A
predominant nuclear localization of TFEB was
detected in cells from all three LSD mouse mod-
els (Fig. 3D), suggesting that the TFEB signaling
pathway is activated after the intralysosomal stor-
age of undegraded molecules. Such activation
could be part of the cellular physiological response
to lysosomal stress and could serve degradation
needs by enhancing the lysosomal system.

To test the ability of TFEB to enhance
lysosome-dependent degradation pathways, we
analyzed the degradation of glycosaminoglycans
(GAGs) in a pulse-chase experiment. TFEB sta-
ble transfectants displayed a faster rate of GAG
clearance as compared with that in controls (Fig.
4A). We also investigated the ability of TFEB to
induce the degradation of the polyglutamine
(polyQ)—expanded huntingtin protein that is
responsible for Huntington’s disease using the
rat striatal cell model HD43 that carries an in-
ducible transgene for mutant huntingtin (/9).
Immunoblot analyses showed a strong decrease
of mutant huntingtin in TFEB-overexpressing
cells as compared with those in controls (Fig. 4B).
In a parallel experiment, induced HD43 cells were
electroporated with a 3xFLAG-TFEB construct.
Immunofluorescence analyses showed that the
cells that are positive for 3XFLAG-TFEB show
little if any huntingtin accumulation (Fig. 4C).

We have discovered a cellular program that
regulates lysosomal biogenesis and participates
in macromolecule clearance. Lysosomal enhance-
ment as a cellular response to pathogenic accu-
mulation has been observed in neurodegenerative
diseases (20-22). Cathepsin D (23, 24), one of the
key enzymes involved in the degradation of neu-
rotoxic proteins, belongs to the CLEAR network
and is induced by TFEB overexpression. Also,
miR-128 (which we used for TFEB downreg-
ulation) is significantly upregulated in the brain
of patients with Alzheimer’s disease (25) and in

both prion- and chemical-induced neurodegener-
ation (26, 27). An appealing perspective would be
the use of the CLEAR network as a therapeutic
target to enhance cellular response to intracel-
lular pathogenic accumulation in neurodegen-
erative diseases.

Note added in proof: While this study was
in proof, a report was published by Schieweck
et al. (28) in which was shown a lysosomal
localization for NCU-G1, the mouse ortholog of
Clorf85.
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An ER-Mitochondria Tethering
Complex Revealed by a Synthetic

Biology Screen

Benoit Kornmann,** Erin Currie,’1 Sean R. Collins,>3}+ Maya Schuldiner,® Jodi Nunnari,’

Jonathan S. Weissman,?> Peter Walter'3

Communication between organelles is an important feature of all eukaryotic cells. To uncover
components involved in mitochondria/endoplasmic reticulum (ER) junctions, we screened for
mutants that could be complemented by a synthetic protein designed to artificially tether the two
organelles. We identified the Mmm1/Mdm10/Mdm12/Mdm34 complex as a molecular tether
between ER and mitochondria. The tethering complex was composed of proteins resident of both ER
and mitochondria. With the use of genome-wide mapping of genetic interactions, we showed that
the components of the tethering complex were functionally connected to phospholipid biosynthesis
and calcium-signaling genes. In mutant cells, phospholipid biosynthesis was impaired. The
tethering complex localized to discrete foci, suggesting that discrete sites of close apposition
between ER and mitochondria facilitate interorganelle calcium and phospholipid exchange.

ukaryotic cells evolved segregation of
Efunctions into separate organelles. Com-

partmentalization increases the efficiency
of biochemical reactions by creating tailored
chemical microenvironments, but also creates a
need for communication and routes of metabolite
exchange. Membrane lipids, for example, are
primarily synthesized in the endoplasmic reticu-
lum (ER) and distributed to other organelles.
Many organelles exchange phospholipids with
the ER via vesicular transport. In contrast,
mitochondria are not connected to vesicular traf-
ficking pathways, and many lipids of the inner
and outer mitochondrial membranes (IMM and
OMM) cannot be synthesized within mitochon-
dria but are imported by unclear mechanisms.
Phospholipids may transfer from the ER to the
OMM at spatially restricted sites, which are
frequently observed by electron microscopy and
have been enriched by cell fractionation (I-3).
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Other work has implicated ER-mitochondrial
contact sites in Ca'" transport between the ER
and mitochondria (4-6), suggesting a mecha-

nism that may exploit the formation of an en-
capsulated space at the contact sites, akin to that
formed at neuronal or immunological synapses.
Such a connection between the ER and the
mitochondria might buffer and control cytosolic
and mitochondrial Ca"" concentrations (7). Sev-
eral proteins have been implicated to participate
in ER-mitochondria contacts, including the ER
resident Ca"™" channel IP3 receptor, the mito-
chondrial voltage-dependent anion channel, the
chaperones grp75 and sigma-1R, the sorting pro-
tein PACS-2, and the mitofusin Mfn2 (§—11).

To explore a role for ER-mitochondrial junc-
tions, we sought mutants in the yeast Saccharo-
myces cerevisiae, in which tethering between the
two organelles was impaired. We reasoned that, if
such contacts are important, defects in proteins
that establish these interactions would be detri-
mental, yet perhaps could be suppressed by
artificially tethering ER and mitochondria (Fig.
1A). We designed a synthetic ER-mitochondria
tether (“ChiMERA” for construct helping in
mitochondria-ER association) (Fig. 1B) consist-
ing of an N-terminal mitochondrial signal se-
quence and transmembrane domain derived

Fig. 1. Asyntheticbiology A C N
screen to uncover mutants ; QP o“b )
of the ER-mitochondria Widiipe VRl d\\‘& \g\é"\ 6“0&
connection. (A) Rationale T
of the screen. (Top) In WT
cells a yet unknown en- tether tﬁ:,':,ﬁ Sick/
dogenous complex tethers mutant Lethal
the ER to the mitochondria. m
(Middle) Mutations causing
the loss of the endogenous tether
complex are detrimental ~ mutant = Viable
and cause slow growth or *+ChIMERA
cell death. (Bottom) Arti- ER
ficial ER-mitochondria teth- @M Mitochondria
ering by ChiMERA can @ endogenous tether 2
suppress the defects asso- e ChiMERA %Ig
~

ciated with the loss of the
endogenous tether. (B)
Outline of the ChiMERA. B
A central GFP molecule
(green) is flanked by the
mitochondria-directed
N-terminal Tom70 prese-
quence and transmembrane
sequence (red) and the ER-
directed C-terminal Ubcé
tail anchor sequence (blue).
(€) Confocal Z-series across
a yeast cell expressing the

N

ChiMERA and a mitochondrial marker (mt-dsRed). ChiMERA displays a characteristic ER staining with
additional thicker structures (arrowheads), which colocalize with mitochondria and represent sites of artificial

tethering.
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