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Abstract

CREB3 proteins comprise a set of ER-localised bZip transcription factors defined by the presence
of a transmembrane domain. They are regulated by inter-compartmental transport, Golgi cleavage
and nuclear transport where they promote appropriate transcriptional responses. Although CREB3
proteins play key roles in differentiation, inflammation and metabolism, a general framework
relating their defining features to these diverse activities is lacking. We identify unique features of
CREB3 organisation including the ATB domain, which we show is essential for transcriptional
activity. This domain is absent in all other human bZip factors, but conserved in Drosgphila
CREBA, which controls secretory pathway genes (SPGs). Furthermore, each of the five human
CREB3 factors was capable of activating SPGs in Drosophila, dependent upon the ATB domain.
Expression of the CREB3 protein, CREB-H, in 293 cells, upregulated genes involved in secretory
capacity, extracellular matrix formation and lipid metabolism and increased secretion of specific
cargos. In liver cells, which normally express CREB-H, the active form specifically induced
secretion of apolipoproteins, including ApoA-1V, ApoAl, consistent with data implicating CREB-
H in metabolic homeostasis. Based on these data and other recent studies, we propose of a general
role for the CREB3 family in regulating secretory capacity, with particular relevance to
specialised cargos.
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Introduction

Many aspects of cellular and tissue metabolism are regulated at the ER, which is responsible
for the synthesis, modification, and transport of a broad range of proteins, lipids and sterols
to their appropriate intra- and extracellular destinations. The ER must also accommodate
specialized cargos with distinct requirements for secretion e.g., extracellular collagens,
chylomicrons, LDL and HDL droplets, and mucigens. With many additional roles, the ER
has orchestrated several homeostatic and quality control mechanisms by which it
coordinates responses to disruption of these processes that may result from various cellular
stresses, including metabolic fluctuation, mutation, or infection. Amongst these homeostatic

"Corresponding Author: Peter O’Hare. Dept of Medicine, Imperial College, London W2 1PG, UK. Tel. +44 (0)207 594 9517,
P.OHare@imperial.ac.uk.

The first two authors contributed equally to this work
2present address, Roche Diagnostics, Burgess Hill, UK



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Barbosa et al.

Page 2

mechanisms is that of regulated intramembrane proteolysis (RIP) and activation of a distinct
class of transmembrane transcription factors. The prototype members of this class of
transcription factors are the sterol regulatory element binding proteins, SREBP 1 and 2,
which play key roles in fatty acid and cholesterol metabolism (1-6). Following regulated
release from the ER in response to cholesterol or fatty acid fluctuations, SREBPs are
transported to the Golgi where they are cleaved in a site-specific manner by Golgi-resident
proteases S1P and S2P (2, 5, 7). This cleavage releases the cytosolic domain, which is
subsequently transported to the nucleus to effect appropriate transcriptional responses of
specific target genes in sterol or fatty acid metabolism. Another transcription factor ATF6, a
bZip protein involved in quality control of protein folding, was subsequently shown to be an
ER-anchored transmembrane factor regulated by the same overall pathway as SREBP (8, 9).
In the case of ATF®6, transport from the ER and subsequent Golgi cleavage are not regulated
by cholesterol levels, but instead in response to the accumulation of unfolded proteins (8,
10-12).

This specialised set of transmembrane transcription factors has now been extended with the
identification of a family of bZip-transmembrane factors related to ATF6. The prototype
member, CREB3/Luman, was identified via its interaction with the transcriptional co-
activator HCF and was shown subsequently to reside in the ER and to be subject to cleavage
by S1P and S2P (13, 14). A mammalian family has now been defined consisting of CREB3
together with the factors OASIS/CREB3L1 (15), BBF2H7/CREB3L2 (16), CREB-H/
CREB3L3 (17) and CREB4/CREB3L4 (18, 19). Notwithstanding the overall conservation
of bZip-transmembrane organisation, CREB3 proteins exhibit certain unique features
conserved within the family and not found in ATF6 that may be indicative of functional
differences (20, 21). Among these features, we recently demonstrated that unlike ATF6, the
ER localisation of CREB-H was determined by a cytosolic domain termed the ERM (ER
retention motif) highly conserved in all CREB3 members but absent from ATF6 (22).

CREBS3 factors have been shown to play distinct roles in the ER, although the precise
regulatory pathways remain unclear. For example, OASIS and BBF2H7 have recently been
shown to be essential for normal bone and cartilage development, as well as terminal
differentiation of astrocytes and of intestinal goblet cells (23-26). They are required for
production of extracellular matrix cargos during osteoblast, chondrocyte and goblet cell
differentiation with target genes including the COPII coat components such as Sec 23 and
24 and cargos including collagen Ila and mucins. CREB-H is found mainly in cells of the
liver and the small intestine and to a lesser extent in other cell types. Analyses from different
laboratories have implicated CREB-H in diverse processes including acute inflammatory
responses (27), hepcidin transcription (28), gluconeogenesis (29, 30) and, more recently,
lipid and triglyceride metabolism (31, 32).

Here, we highlight a novel feature of the CREB3 family, the ATB domain, which is crucial
for CREB-H transcriptional activity. The ATB domain is only present in CREB3 bZip
proteins and defines an evolutionary ancient configuration present in three classes, i.e., a
transmembrane class present in two distinct subgroups, and a third class lacking the TM
domain. This latter class includes the Drosophila CREBA factor, which is known to regulate
secretory activity (33, 34). We show that all human CREB3 factors can activate secretory
pathway genes in Drosophila, again with a requirement for the ATB domain. We further
identify CREB-H target genes induced by ectopic expression, strongly overlapping with
those of OASIS and BBF2H7, including Sec23, Sec24, and ECM components, as well as
genes involved in lipid metabolism, such as ApoA-1V and LIPH. We demonstrate increased
secretory activity as a result of CREB-H induction, and the selective secretion, at the protein
level, of specific cargos including ECM components and apolipoproteins. These results are
discussed together with recent data on other CREB3 proteins from which we propose a
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general role of the CREB3 family in secretory capacity with particular relevance to
specialised cargos.

A novel domain of the CREB3 family shared with the Drosophila secretory factor CREBA

CREB3 proteins exhibit short pockets of limited homology within the N-terminal and C-
terminal regions but the most notable feature is the presence of the central highly conserved
bZip section. This central region (150 residues) comprises linked sub-domains indicated by
coloured boxes and expanded in the corresponding sequence alignment below (Figure 1a).
Of particular note for this work is the presence, immediately adjacent to the N-terminal end
of the bZip region (red and green boxes), of an additional region of approximately 30
residues (pink box). This region is highly conserved in all CREB3 proteins but lacking in
ATF6 and is not part of the typical consensus bZip DNA binding domain (35, 36). It is only
found in the CREBS3 class of proteins and always immediately adjacent to the bZip domain
(see analysis Figure 7). We have therefore named this conserved feature the ATB domain
(for adjacent to bZip).

To examine the functional relevance of the ATB in CREB-H, we created a version of the
nuclear active form, CREB-HATMC, containing a short deletion upstream of the bZip
domain in the core ATB domain (Figure 1b, CREB-HATMCAATB) and examined
transactivation on a test UPR-luciferase target promoter previously shown to be responsive
to CREB-H (29). Deletion of the ATB domain affected neither the expression levels nor
localisation of the variant which, as expected, localized within the nucleus (Figure 1b).
However deletion of the ATB almost completely abrogated transactivation activity (Figure
1c).

One member of the CREB3 family, CREB3L2/BBF2H7, was originally named for its
homology within the bZip domain to a Drosophila gene, BBF (16). BBF is identical to and
otherwise named as CREBA (37), a factor now known to be expressed in secretory cells and
to be critical for transcriptional induction of secretory pathway genes in multiple tissues in
Drosophila, especially during high secretory demand (33, 34). We re-evaluated the
similarity of CREBA to the CREB3 family and found that although the ATB domain is not
present in ATF6, there is strong conservation in amino acid sequence in the ATB regions in
CREBA, including a completely conserved PxxLP feature (Figure 1a, ATB domain,
asterisks). It was clear that CREB3 proteins and CREBA were ATB-bZip proteins. However
the CREBA ATB-bZip configuration is contained at the extreme C-terminus of the protein
unlike in the CREB3 family, where the domain is always present in a central location,
followed by the transmembrane and lumenal domains (20). These features and observations
on an evolutionarily ancient ATB-bZip configuration are discussed further below (Figure 7).

We previously reported that two members of the human CREB3 family were able to activate
secretory pathway genes (SPGs) in Drosophilain cells that would otherwise express low or
undetectable levels (33). To extend this work, we tested whether this was a generic feature
of all human CREBS3 proteins. We ectopically expressed each of the CREB3 family
members (nuclear forms) in Drosophila epidermal stripes using engrailed promoter-driven
Gal4 (epidermal stripe expression) to activate UAS-controlled CREB3 proteins in these
tissues. We then examined expression of a series of SPGs in epidermal cells, i.e., SrpRa,
Sec61p,(Cop and Spasel2. The results (Figure 2) confirmed that both OASIS/CREB3L1
and BBF2H7/CREB3L2 were able to activate SPGs in these cells and that each of the other
three members had similar activity. Furthermore, using the ATB deletion variant, we also
demonstrated a requirement for the ATB domain, now in the context of physiological
activation on these target SPGs (Figure 2).
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Thus, human CREB3 proteins and Drosophila CREBA share highly conserved bZip regions
that include a unique ATB domain. All of these proteins can activate ectopic expression of
SPGs in fly embryos, an activity not found with Drosophila ATF/CrebB, a bZip protein
which lacks the ATB (33). Importantly, the conserved ATB domain is required for CREB-H
activation of target genes both in human tissue culture cells and in Drosophila embryos.

Establishment of a cell line expressing transcriptionally active CREB-H.ATMC

The next goal was to identify the target genes for CREB-H in human cells. We transferred
CREB-HATMC into a vector for regulated doxycycline (Dox)-induced expression (38). The
vector pTRE-CREB-HATMC was introduced into 293-Tet On cells and clones containing
Dox-inducible expression of CREB-HATMC were isolated. CREB-HATMC is expressed as
a primary product together with a slower migrating species, which we previously showed to
be due to efficient phosphorylation (22). Typical results for induction are shown in Figure 3
with the doublet CREB-HATMC being readily detectable between 6 and 24 h after Dox
addition (Figure 3a). As expected, CREB-HATMC was virtually exclusively nuclear with
little specific subnuclear localisation (Figure 3b).

Results comparing growth over time after low density seeding of 293.CREB-HATMC and
control 293 cells are shown in Figure 3c. In the absence of induction, 293.CREB-HATMC
cells exhibited a similar growth rate to the control cells (open red squares, v. open blue
circles). After Dox induction, we observed a reduced growth rate in 293.CREB-HATMC
(solid red squares), whereas Dox had no effect on control cells (solid blue circles). The
effect of Dox induction on 293.CREB-HATMC cell growth is also shown in the lower panel
of low magnification phase contrast images, showing cells immediately after seeding and
after 100 h in the absence and presence of Dox. Notwithstanding the slower growth rate, the
293.CREB-HATMC cells were healthy, showed no difference in overall viability from the
control cells (data not shown) and also exhibited a flatter morphology (Figure 3d).

Increased cell substratum adhesion induced by CREB-HATMC

The flatter cell morphology observed with CREB-H expression may be linked to an increase
in cell-substratum attachment of the 293 cells which otherwise readily detach from culture
surfaces (39). To examine effects on attachment, we plated 293.CREB-HATMC cells at low
density, induced CREB-HATMC with Dox or left untreated and, when cell monolayers were
almost confluent, examined resistance to detachment by washing with PBS containing 1 mM
EDTA. Consistent with general observations, 293.CREB-HATMC cells (and parental 293
cells, data not shown) in the absence of Dox induction attached weakly and were almost
completely removed from the monolayer with washing (Figure 3e). In contrast, upon Dox
induction of CREB-HATMC, the cell monolayer was quite resistant to detachment (Figure
3e, +Dox). As expected, no such effect of Dox was observed with parental control cells
(data not shown). These results are quantitated in Figure 3f showing attached cell numbers
after washing with PBS, PBS/EDTA or a brief trypsin treatment (60 s). Any washing of
monolayers grown without CREB-HATMC induction removed essentially all of the
monolayer, with residual cell numbers below the level of sensitivity. In contrast, after Dox
induction, more than half the cells remained attached after washing, even after a brief
trypsin treatment, though longer trypsin treatment as expected detached the cells. These
findings suggest that CREB-H increased cell adhesion to the culture dish, possibly via
increased ECM secretion, a conclusion consistent with results in the following sections.

CREB-HATMC regulated transcription

To identify CREB-H target genes, we next performed expression profiling by microarray
and quantitative RT-PCR in 293.CREB-HATMC cells. Based on the time course of the
appearance of CREB-HATMC (Figure 3), we isolated RNA at either 12 h or 30 h after Dox
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addition or from mock treated cells. RNA was isolated from triplicate samples for each
condition and analysed on Affymetrix Human Gene 1.0 ST whole transcript arrays covering
28,869 genes, each with approximately 26 probes representing each transcript. We found
approximately 350 genes with altered expression at a statistically significant value
(P<0.001). A complete table of the results is included as Supplementary Table 1. Inspection
of this gene set and analysis of distribution within different classification of Gene Ontogeny
using the DNAstar suite reveals certain features of this differentially regulated set. Despite
sharing the central similarity with ATF6, we found very few CREB-H target genes directly
involved in protein folding and chaperone function. This is consistent with previous results
indicating that CREB-H does not upregulate classical chaperones such as BiP or GRP94 (27,
29, 40). Perhaps the most salient feature was the relative enrichment of genes involved in
three main activities, firstly genes encoding components of the secretory apparatus (e.g.,
Sec24d, Sec 23a, KDELR3, ARF4, ARFGAP3), secondly, genes linked to the function or
composition of extracellular matrix (e.g., Col12a, LOX, SPARC, MMP13), and, thirdly,
genes involved in lipoprotein metabolism (e.g., Apo A-1V, Lip H, Lip A, AGPAT?9). Of the
350 genes with statistically significant differential regulation, over 30 are classified within
the Gene Ontogeny “establishment of localization” subgroup. A selection of the total gene
set (Supplementary Table) is summarized under general headings in Table 1. An analysis of
the Gene Ontogeny using the David Bioinformatic Resource is given in Supplementary
Table 2. We confirmed the induction of a selection of transcripts by gPCR. Within 12 h of
Dox addition, Sec24d, KDELR2 and KDELR3, and ARFGAP all showed significant
upregulation (Figure 4a), consistent with the microarray results. Similarly, we confirmed the
selective upregulation of the Col12al gene relative to other collagen genes, as well as
induction of MMP13 and the extracellular protein SPARC (Figure 4b). We also analyzed
expression of a representative protein of the secretory components, Sec24d, which is known
to be involved in coat formation in anterograde ER to Golgi transport (41). We observed
significant increases in the level of Sec24d protein within 12—-24 h after induction, which
was sustained for up to 4 days (Figure 4c). Importantly, we find a very significant degree of
overlap in the identification of CREB-H target genes reported here and those identified upon
expression in HelL a cells of the active form of OASIS, including as examples Sec24d,
Sec23a, KDELR1 and KDELR3, ARFGAP3 (33).

Effect of CREB-HATMC induction on protein secretion

Considering the relative enrichment of genes involved in the secretory pathway, and the
identification of secreted cargo components among the potential target genes, we next
directly examined whether we could detect any alteration in secretion after CREB-H
induction. We first addressed general secretion rates by introducing into 293.CREB-
HATMC or control cells, a version of luciferase that contains a natural signal sequence for
secretion of a stable luciferase. We then measured secretion rates with and without Dox
induction. Approximately 24 h after treatment, cells were washed several times to remove
any accumulated luciferase, fresh medium was added and the rate of luciferase accumulation
in the medium measured over time (Figure 5a). A significant increase in luciferase secretion
was observed in the CREB-HATMC induced cells and this increase is likely underestimated
due to the reduction in overall growth rate upon Dox induction (see Figure 3). We
performed identical experiments in control 293 cells not containing CREB-H and, as
expected, observed no effect of Dox addition on secretion rates (Figure 5a).

To pursue the effect of CREB-H on secretion, we next examined its effect on endogenous
proteins firstly on an analytical scale after pulsing with 3°S-methionine. Cells were induced
as before and switched into serum free medium prior to collection, minimizing the large
background of serum proteins in the medium. Twenty four hours after induction, cell
samples and corresponding media were harvested and total protein or secreted protein
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profiles examined by autoradiography after SDS-PAGE separation (Figure 5b). Perhaps not
surprisingly, we could discern no differences in the complex profile of total synthesized
proteins at the resolution of one dimensional gel separation (Figure 5b, lanes 1, 2). However
there was a notable difference in the profile of secreted proteins upon Dox induction (Figure
5b, lanes 3, 4). Overall, there was an approximately 3-fold increase in abundance of total
secreted proteins when normalized for overall synthetic rate, together with a selective
increase in a small number of specific species (lane 4, arrows). To identify these species, the
analysis was scaled up and both total and secreted proteins isolated in the absence and
presence of CREB-H were analyzed by Coomassie or silver staining (Figure 5c). Consistent
with the results from metabolic labelling, we observed a number of bands that were
selectively increased in the secreted protein profile after CREB-H induction (Figure 5c,
lanes 1, 2; labelled 1-4). These bands were reproducibly observed and represented the only
species whose increase was apparent in the total sample by this analysis. Whereas band 4
exhibited a pronounced increase, becoming one of the most prominent species in the total
secreted profile, other bands were less discernible and more readily detected on gradient gels
with silver staining (right hand panel). Each of the four bands was excised and subject to
trypsin digestion and mass spectrometry. Unambiguous identification was made for all of
the four bands as Col12A1 (band 1), Nidogen 1 (band 2), SPARC (band 3), and ApoA-1V
(band 4). Western analysis (Figure 5d) confirmed the increase in secretion of each of these
species though in some cases e.g. Nidogen 1, the increase as judged using this particular
antibody in blots did not appear as great as that judged based on total protein staining.
Altogether, the data provide convincing evidence for the selective increase in secretion of
Col12A1, Nidogen 1, SPARC and ApoA-1V upon induced expression of active CREB-H,
with ApoA-1V being the major induced secreted component. Importantly, the genes
corresponding to each of these cargos was also identified from the microarray data. These
data provide a cohesive series of observations wherein CREB-H induces the transcription of
a series of genes in secretory capacity, together with certain cargo genes, thereby promoting
increased secretion of cargos with potentially coordinated functions.

CREB-HATMC induction of protein secretion in liver cells

To further establish the effect of CREB-H on protein secretion, we next examined cells in
which it is more normally expressed. While present at lower levels in several cell types,
CREB-H is detected at high levels in cells of the liver and small intestine. Therefore, we
established a liver cell line (HepG2) constitutively expressing the active form. This line
(Figure 6a, H-CH) exhibited the typical doublet pattern representing the active form and a
phosphorylated form, as seen in the 293 cells, together with pronounced nuclear
accumulation (Figure 6b). We then compared total cellular protein content and total secreted
proteins from the medium of control HepG2 (H) and H-CH cells (Figure 6c¢). No significant
difference was observed in the total protein profiles (Figure 6c, c.f. lanes 1,2). However
there was a striking difference in the secreted protein profiles. Although certain bands
remained relatively unaltered, including e.g. albumin, several prominent bands were
strongly enriched in the H-CH line (Figure 6c, lanes 3,4 and 5,6, the latter run on a higher
percentage gel). Band isolation and mass spectrometry of these bands revealed unequivocal
identities for several of these species including ApoA IV, Apo | known components of
secreted apolipoprotein complexes, and SPLA2, a secretory phospholipase which acts on
phospholipids in cell membranes and on apolipoproteins complexes (42). Our results in liver
cells are consistent with those from the inducible 293 cell system, but with differences
which likely reflect the fact that CREB-H is mainly expressed in liver and small intestine.
The main conclusion here is the demonstration of a consistent theme, in particular in human
liver cells, wherein CREB-H activity produces a significant effect on secretory capacity,
resulting in selective protein secretion of a distinct class of proteins in this case,
apoliproteins and related enzymes. We conclude from these studies that CREB-H increases
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secretory capacity with selective increases in a distinct class of liver-specific cargos, the
apolipoproteins.

Evolutionarily conserved configurations of ATB-bZip proteins

Although the existence of five human members of the CREB3 family indicates that there
will be distinct variations of a theme, our results defining the ATB domain from sequence
conservation and demonstrating function of human CREB3 protein in activation of secretory
pathway genes in Drosophila, strongly indicates conserved roles of these proteins. To gain
additional insight, we performed sequence analysis across all available databases, searching
for potential orthologues based on the presence of the core ATB domain and the invariant
defining residues (encompassing the PxxLPL(TS)K indicated above). We identified a
number of orthologues with extremely close similarity to the CREB3 proteins, analysis of
which allow general principles to be made regarding the family (Figure 7).

Firstly, the ATB domain was found exclusively in a subset of bZip-domain containing
proteins and always immediately to the N-terminus of the bZip domain. Secondly, this ATB-
bZip configuration was itself found in two major classes, A or B on the one hand, and C.
The defining feature of the A/B class (the majority of identified proteins) is the linkage of
the ATB-bZip domain to a specific sequence, which conforms in all cases to the
transmembrane domain consensus of the CREB3 family (Figure 7, TM, grey bar). Thirdly,
those with a TM domain could be divided into two clear subgroupings (A and B classes,
Figure 7), dependent upon several co-segregating features (see below). Fourthly, a class of
ATB-bZip proteins (class C) that completely conform to the ATB-bZip configuration
terminated just adjacent to but upstream of the TM domain. In these cases, it was not that the
homology dropped off, but rather that the end of the bZip protein was virtually at the C-
terminus of this subclass. This latter class included the Drosophila CREBA species. Finally,
with the exception of two Caenorhabditis proteins, all proteins identified in classes A and B,
i.e., containing a consensus TM domain, also contain a motif that conforms an S1P cleavage
site within approximately 30 residues of the end of the TM region (shaded red).

As indicated, the ATB-bZip-TM class can be divided into groups A and B based on several
features as follows. Each of the A class proteins (with fewer representatives in currently
available databases) contains an insert between the zipper motif and TM domain. We have
labelled this area MP1 (membrane proximal 1) and optimal alignment shows the clear
subgrouping dependent on the extended MP1 of class A compared to class B. Strongly
reinforcing this subgrouping was the specific co-segregation of features within the TM
domain itself. Specifically, in all class A proteins, there was a substitution firstly at TM
position 8 (for ease of reference the first conserved cysteine of the TM region is labelled
number 1). Position 8 is always a cysteine in class A proteins and always a serine in class B.
Coupled to this is the segregation of residues at positions 14 and 15. In all cases, position 15
is a serine in class A proteins and a proline in class B (with a single exception). Residues 14
is always a glycine in class A versus a more bulky hydrophobic residue in class B. This
distinction is likely to be particularly relevant in relation to potential qualitative differences
in processing of the two groups (see discussion).

With regard to the human CREB3 proteins (shaded yellow) it was now clear that OASIS and
BBF2H7 belonged to the A subgroup whereas CREB-H, CREB4 and Luman belong to the B
subgroup. Also the class C proteins, which lack the TM region, are somewhat more similar
to the class A than the class B proteins in the core ATB-bZip domain. There is generally
little homology outside the core ATB-bZip-TM regions, although isolated pockets of
homology (data not shown) point to regions worthy of investigation in future comparative
examination of family members. We also conclude that the ATB-bZip-TM configuration is a
very ancient one, conserved across mammals, to insects, to sea squirt (Ciona), anemones

Traffic. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Barbosa et al.

Page 8

(Nematostella) and present in sponges, the most ancient family in which the ATB-bZip
configuration was found. In this latter case, there were two representatives both belonging to
the TM group. It is possible therefore that the class C group may have evolved in certain
lineages by loss of the TM domain. Features of this analysis taken together with our
experimental data provide additional support for our proposals as discussed further below.

Discussion

CREB-H is a member of the CREB3 family, a specialised set of ER-anchored bZip
transcription factors related to ATF6, a bZip transmembrane factor involved in the unfolded
protein response in the ER. Despite this similarity, several lines of evidence indicate that
CREB3 family members are regulated in a distinct manner and are likely to be involved in
promoting distinct responses to ER stress or demands. However a unifying hypothesis
providing a framework for comparative analysis and understanding of the CREB3 family
has been lacking. We propose a model (summarised in Figure 8) wherein the core function
of these proteins (and their sequence orthologues in other species) is to modulate secretory
pathways, coordinating production of specific cargos (which will be distinct in distinct cell
types or organisms) with efficient secretory capacity for these cargos and that the ultimate
physiological roles of CREB3 proteins are underpinned by these activities. Several lines of
evidence provide support for this general hypothesis.

ATB-bZip Conservation

CREB3 DNA binding domains are more closely related to the Drosophila melanogaster
factor CREBA than to ATF6 or any other bZip factor. We classify a distinct domain, termed
the ATB domain shared exclusively between CREBA and the CREB3 family and show it to
be critical for transactivation by CREB-H. With respect to specific ATB-bZip organisation,
there is no homologue of CREBA in mammalian genomes other than the CREB3 family,
increasing further the significance of this feature. This relationship is reinforced by our
results indicating that CREB-H target genes are enriched for secretory pathway components.
Indeed several individual genes regulated by CREBA in Drosophila (33), such as Sec31a,
Sec13, KDELR, ARFGAP3, were also identified in our microarray and gPCR analysis of
CREB-H target genes in human cells.

It is likely, notwithstanding the similarity between the CREB3 ATB-bZip domains and the
overall themes in target gene induction, that specificity will operate either directly, via
differential DNA binding and/or indirectly via selective function of additional cooperative
transcription factors. On the other hand, the conservation of the ATB domain, in a region
which in other bZip factors is not required for DNA binding (36, 43-45), is strongly
indicative of conservation of some aspect of gene targeting or the mechanism of activation.
There is an interesting parallel to the ATB domain in the Maf subset of bZip factors, which
contain a region termed the EH, flanking the bZip domain (but with no similarity to the ATB
domain identified here). The EH domain contributes to DNA binding, probably in a
stabilising role rather than conferring specificity (46—48). The precise role of the ATB
domain in DNA binding and/or transactivation will be the subject of separate biochemical
investigation and side-by-side comparisons with other family members.

CREB3 proteins in secretory activity and cargos in metabolism and ECM

In previous work, certain individual target genes of CREB-H have been reported but with
different general conclusions. It was reported that CREB-H could activate certain
gluconeogenic target genes (29, 30) though this was not supported in other studies which
instead reported activation of a subset of acute phase response genes (27), or upregulation of
the iron-binding hormone hepcidin (49). More recent studies of knock-out mice, have

Traffic. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Barbosa et al.

Page 9

revealed CREB-H to be a key factor in metabolic homeostasis of lipids and triglycerides (31,
32). Our results are consistent with these latter studies. In particular, in CREB-H knock-out
animals, there is a significant defect in liver expression of several genes which we identify
as being upregulated by overexpression of the active form of CREB-H, in particular ApoA-
IV and ApoAl. Moreover, in addition to a main phenotype of imbalances in metabolism,
several secretory pathway genes including, for example, ADP-ribosylation factor 4a, RAB,
RABGAPLI, and Secs including Sec24d, Sec23a and Sec22a were also significantly down-
regulated as a consequence of CREB-H loss (GEO GSE29643) (31). Our data add to these
previous findings with the demonstration that CREB-H can induce and orchestrate the
secretion of high levels of specific cargos in human liver cells, in this case a series of
apolipoproteins, and is capable of inducing secretion of at least some of these cargos in cells
that otherwise never secrete such proteins. Although not necessary for our general
conclusions, it will be very interesting to examine the composition and density profile of
apolipoprotein secretion induced by CREB-H in liver cells and to examine any role for
CREB-H in secretion in the small intestine, its other main site of expression. For example it
may be that CREB-H is involved in chylomicron secretion, whose large particles make
unusual demands on secretory capacity.

Our proposal for a general secretory role of CREB3 proteins is also supported by data on
other family members including the phenotype of knock-out animals lacking OASIS or
BBF2H7 (23, 24) and of mutations in the BBF2H7 homologue in zebrafish (50). Although
expressed widely in adult mammalian tissues, the effect of BBF2H7 knock-out in mice was
most obvious in cartilage and bone tissue. Particularly in chondrocytes, the ER was
abnormally expanded with accumulations of ECM components and defects in collagen
secretion and ECM composition (24). Loss of BBF2H7 was accompanied by down
regulation of a number of secretory pathway genes, again including e.g., Sec23a, Sec24d
and KDELRS. Intriguingly in cell culture, the effects of BBF2H7 loss on ER function and
collagen secretion were rescued by Sec23a indicating that a prime function was in
remodelling the secretory pathway for ECM cargo secretion and that at least some
phenotypic defects were pleiotropic to this role. This conclusion is reinforced by
identification of the fee/good mutation in zebrafish, which results in defects in collagen
secretion and skeletal formation, as being due to mutation in the zebrafish BBF2H7
homologue (50). Again Sec23a and Sec24d were found to be targets of the zebrafish factor.
The main defect reported for OASIS knock-out animals was in bone formation and ECM
secretion, in this case reflecting an abnormal ER and reduced ECM and collagen secretion in
osteoblasts (23). It is also likely that both these factors function in additional tissues and
indeed OASIS has been shown to induce secretory pathway genes such as KDLER3 and
Cop(C2 and ECM remodelling in pancreatic cells where it is also highly expressed (15, 51,
52). Recent data also indicate that OASIS plays a role in secretion and differentiation of
intestinal goblet cells (25). Transcription profiling of CREB3L4, whose expression is high in
secretory tissues such as prostate, pancreas and small intestine (18, 19) again identified
target genes with a common theme including Sec24d, KDLR2, KDLR3, and ECM
components with significant overlap to those identified by us for CREB-H (53). In addition
to a strong weighting in secretory pathway genes, there is a notable trend where ECM
components are also targets of all of the CREB3 family members, including in this work our
demonstration at the protein level of secretion of Col12a, Nidogen 1 and SPARC. These
components are known to play a role in cell adhesion and presumably help explain the
increased adhesion we observed after CREB-H induction in 293 cells.

Co-segregating features indicative of two subclasses with potential differential processing

With increased numbers of CREB3-like proteins in our analysis, it was clear that the TM
class could be segregated into two subclasses. With regard to the MP1 region between the
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end of the leucine zipper and start of the TM domain, the difference in the two subclasses
was not a continuum; rather CREB3 species with a TM domain were either one class or the
other. We have shown that this precise region encompasses major determinants of ER
retention in CREB-H (21, 22). Furthermore, within TM itself, at position 15, class A
proteins always had a serine and class B always a proline (with a single exception). In
CREB-H, a class B protein, the proline at this position is critical for cleavage and release of
the active form to the nucleus (22). Although the serine presumably permits cleavage in
class A proteins, nevertheless the strict distinction strongly suggests potential differences in
cleavage mechanism, whether in the enzymes involved or presentation to S2P. Taken
together, the distinct subgrouping, firstly in a region shown to influence ER retention/
transport and secondly in the TM region, indicate potential differences in regulation and
processing between the two classes. Although not the subject of the current work, specific
predictions based on these proposals will be tested in future analysis.

In certain species including Drosophila, the class C proteins, which lack a TM domain,
activity must be regulated in a distinct manner. Thus, although CREBA, the only class C
protein for which we have any information, does indeed regulate secretory pathway genes, it
cannot be regulated by pathways dependent upon integral membrane localisation in the ER.
It is also possible that CREBA plays multiple roles, not only in responsive, homeostatic
controls, but also in other pathways such as differentiation, involving SPGs, or other
pathways not limited to SPGs. While the reason for the lack of a TM domain is unclear, the
most evolutionary ancient family which we found to contain ATB-BZip proteins was the
sponges; in this case the two sponge proteins both contained TM domains. Presumably
certain lineages lost the TM domain and although the Drosophila CREBA protein clearly
controls secretory function it may have acquired additional roles as a consequence of distinct
nuclear localisation.

There is pronounced overlap in the spectrum of genes in the secretion pathway under
CREB3 protein control; nonetheless there are also differences in subsets of genes targeted
by individual members. It is likely that distinct signals and mechanisms are involved in
relaying demand or stress to distinct CREB3 members, though there is currently limited
information in this regard. Also whereas most target genes identified to date are either
secretory pathway components, secreted cargos or modifying enzymes, CREB3 proteins
including TM-containing members may play additional roles outside these activities.

This possibility notwithstanding, taking the following considerations together: 1, that
CREB3 factors are anchored in the ER; 2, that they share with CREBA a unique feature of
their DNA binding domains, only seen in CREB3/CREBA, 3, that they all function in SPG
induction in Drosgphila; 4, that independent studies of different family members reveal a
consistent theme on target gene involvement in the secretory apparatus and extra-cellular
matrix formation; 5, that CREB-H directly induces increased secretion rates and specialised
cargo secretion, it is reasonable to propose a general framework for the CREB3 family
where their primary role is to orchestrate the secretory apparatus for increased flux though
the secretory pathway, potentially with specific regard to specialised cargos or modifying
components. We propose that this function underpins their roles in diverse physiological
pathways such as promoting differentiation, responding to metabolic fluctuation or potential
inflammatory signalling.

Materials and Methods

Isolation of cell lines with regulated CREB-H.ATMC expression

293 Tet-On cells (Clontech) were grown in DMEM medium containing 10% Tet-approved
foetal calf serum in the presence of G418 at 400 pg/ml. For the inducible expression of the
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active nuclear form of CREB-H, (CREB-HATMC), we constructed a vector based on the
doxycycline (Dox) regulated system in pTRE-Tight (Clontech). The vector, pTRE-CREB-
HATMC (pDJB152), was constructed by inserting a Nhel-Xbal fragment containing
CREB-HATMC from pDJB125 (20) into pTRE-Tight. 293 Tet-on cells were plated in 10
cm dishes in medium containing G418 and transfected with pDJB152 (4 p.g/dish), together
with the linearized plasmid for puromycin selection pPURO-KAN (0.4 pg/dish). Two days
later cells were trypsinised and re-plated in medium containing G418. Puromycin (1 pg/ml)
was added 48 hours later. Selection medium was replaced every 4 days and individual G418
and puromycin resistant colonies were isolated and expanded. Cells were screened for Dox-
regulated expression of CREB-HATMC and selected clonal isolates were amplified for
future experiments. In parallel, a control cell line, (293.Con) was selected under the same
conditions but not expressing CREB-HATMC. Initial titration experiments determined that
Dox concentrations of 0.5-1.0 pg/ml yielded optimal expression.

Isolation of a HepG2 cell line constitutively expressing active CREB-H

HepG2 cells were grown in be MEM, 0.1 mM NEAA, 10% FBS, 2 mM L-glutamine and 1
mM sodium pyruvate. We constructed a vector expressing CREB-HATMC under the
control of the SV40 promoter containing the puromycin resistance marker. The vector,
pSVIRES-CREB-HATMC (pIF003) was made by inserting the Nhel-Xba 1 fragment
containing CREB-HATMC from pDJB125 (20) into the plasmid pIRES-P (provided by lan
Goodfellow). Cells were transfected with 2 ug of DNA/dish. One day later puromycin was
added 1 pg/ml, and increased to 1.5 pg/ml subsequently. Individual colonies were then
isolated and screened for constitutive expression of CREB-HATMC. A clonal isolate
(HepG2-CREB-HATMC) was used for all experiments.

Cell growth and adhesion assays

Cell number and viability was determined using either an Automated Cell Counter
(Countess, Invitrogen) or the Promega Titer-Glo Luminescent Cell Viability Assay Kit
measuring ATP release. The direct linear relationship between ATP release and cell number
was established in preliminary assays and relative cell numbers were then determined
according to the manufacturer’s instructions. For adhesion assays, cells were seeded,
induced with Dox and incubated as standard. Cells were then subject to washes with PBS,
PBS plus 1 mM EDTA, or a brief trypsin treatment (60 s). Cells remaining after washing
were imaged, or detached with trypsin and counted. Quantitations were based in three
independent experiments.

Secretion assays

Assays were based on a system for detection of a secreted form of Gaussia luciferase (NEB).
We constructed a plasmid expressing the Gaussia luciferase under the control of the herpes
simplex virus thymidine kinase promoter. The plasmid pCMVGluc (NEB) was digested
with BamHI/Xbal and the appropriate fragment cloned under the control of the TK promoter
in the backbone of pDJB125 similarly digested with BamHI/Xbal to create the plasmid
pTKGLuc. Control 293 Tet-On cells or 293.CREB-HATMC cells were plated (1.5 x 10°
cells/well) in six well dishes coated with collagen and transfected 24 h later with 1 g of
pTKGluc. After 24 h, cells were induced with Dox or left untreated. Following a 24 h
incubation, cells were washed three times with cold PBS and incubated in fresh medium.
Medium was then collected at different time points (0, 2 and 4 h) and analysed for secreted
luciferase according to the manufacturer instructions using the Gaussia kit (NEB).
Experiments were performed in triplicate for each measure and repeated at least three times.
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Analysis of endogenous protein secretion induced by CREB-HATMC

293.CREB-HATMC cells were plated in poly-I-lysine coated 100 mm dishes. After 24 h
cells were either induced with doxycycline (1 pg/pl) or left untreated and allowed to grow
for more 48 h. For analytical scale radiolabelling, cells (—/+ Dox induction) were washed (3
x warm PBS, 1x DMEM media lacking methionine and cysteine) and then labelled for 24 h
in the same medium containing 50 wCi/ml of EasyTag™ EXPRESS3®S Protein Labelling
Mix (Perkin Elmer). Media was collected, debris removed by centrifugation, and secreted
proteins isolated by TCA precipitation. For total cell samples, the cells were washed with
PBS, harvested, and extracted in buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP40,
0.5% DOC) for 30 min at 4°C. Samples were clarified (10,000xg for 10 min) and SDS
sample buffer was added to 1X concentration. For larger scale identification of secreted
proteins by total protein staining, cells in normal medium containing 10% serum (10 x 100
mm dishes; —/+ Dox) were incubated for 48 h and the media then removed and replaced
with serum free media (—/+ Dox) for an additional 24 h to allow the secretion of proteins
into the media. The medium was collected (total of 90 ml of media from each sample) and
subject to TCA precipitation. Precipitated proteins were resuspended in 400 pl of 2xSDS
sample buffer and equal cell equivalents separated by SDS-PAGE. Specific bands were cut
from the stained gels and analyzed by mass spectrometry. Total cell samples were prepared
as above.

Protein Identification by MALDI mass spectrometry

Following SDS-PAGE, proteins were identified by the PNAC Facility, Department of
Biochemistry, University of Cambridge, UK. Briefly, gel bands were excised and subjected
to the following treatment (30 min per step, 20°C, in 200 .l 200 mM ammonium
bicarbonate/50% acetonitrile): 1, Reduction with 5 mM tris(2-carboxyethyl)phosphine; 2,
Alkylation by addition of iodoacetamide (25 mM); 3, Removal of liquid and washing. Gel
slices were dried under vacuum for 10 min and 25 .l 100 mM ammonium bicarbonate
containing 10 pg/ml modified trypsin (Promega) was added. Digestion was for 17 h at 32°C.
Peptides were recovered and desalted using tC18 ZipTip (Millipore) and eluted to a Maldi
target plate using 2 pl alpha-cyano-4-hydroxycinnamic acid matrix (Sigma) in 50%
acetonitrile/0.1% trifluoroacetic acid. Peptide masses were determined using a MALDI
micro MX mass spectrometer (Waters) and analysed with Masslynx software. Database
searches of the mass fingerprint data were performed using Mascot
(www.matrixscience.com). Where required, Maldi post-source decay analysis was also
performed to generate peptide fragment information.

Immunofluorescence studies

Cells were plated on poly-I-lysine coated glass slides placed in plastic tissue culture dishes.
Routine immunofluorescence was performed exactly as described previously (21, 22).
Primary antibodies were diluted in PBS-10% NCS and applied for 20 min. Primary
antibodies used were anti-V5 (1:500, Invitrogen) for the SV5-tag; anti-calnexin polyclonal
(1:200, Calbiochem) as a marker for the ER. Fluorochrome (Alexa 488, Molecular Probes or
Alexa 543, Pierce) conjugated secondary antibodies of appropriate specificity were used at
1:200.

Western blot analysis

Proteins were analysed by separation either on standard 7.5 %, 10 or 15% SDS-PAGE gels.
Proteins were transferred to nitrocellulose membranes which were then blocked with
PBS-0.05% Tween20 (PBST) containing 5% non-fat dried milk. After blocking, membranes
were incubated with primary antibodies as follows: anti-SV5 (1:10000, Invitrogen), Sec24d
(1:1000, gift of Randy Schekman), anti-ApoA-1V (1:1000, 1D6B6, Cell Signalling), anti-
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SPARC (1:200, 1B2, Sigma-Aldrich), rabbit anti-N1D1 (1:500, SAB452006, Sigma-
Aldrich), anti-Col12A1(1:200, A-11, Santa Cruz Biotechnology), anti-actin (1:2500, 20-33,
A5060 Sigma) or anti-actin (AC-40, A4700 Sigma). Appropriate HP-coupled secondary
antibodies were used and blots processed using chemiluminescence detection reagents
(Pierce). Alternatively, fluorescently labelled secondary antibodies conjugated to
Dylight680 or Dylight800 were used. In the latter case, membranes were blocked in PBS
containing 0.5x blocking solution (Licor Biosciences) and target proteins visualized using a
LiCor Bioscience Odyssey Infrared Imaging System.

RNA extraction and microarray

Cells were plated in triplicate in six well dishes (2 x 10° cells/well) and incubated with or
without Dox (0.5 pg/ml) 24 h after plating. Cells were harvested at different time points and
total cell RNA isolated using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. The quality of total RNA was assessed on an Agilent Bioanalyser. All samples
showed RNA Integrity Numbers greater than 8. RNA (100 ng) was then reverse transcribed,
amplified and biotin labelled using random priming (Affymetrix Whole Transcript Kit).
Samples were hybridised to Affymetrix Human Gene 1.0 ST arrays, which contain
approximately 26 probes per gene. The arrays were washed and stained with streptavidin-
phycoerythrin using Affymetrix FS450 Fluidics Stations and imaged on the Affymetrix 3000
7G scanner. Alternatively, RNA levels were analysed using Illumina arrays. Total RNA
(100 ng) was in vitro transcribed, amplified and biotin labelled using T7 oligo(dT) (Ambion
TotalPrep RNA Amplification Kit) and hybridised to Illumina HT-12 arrays. The arrays
were washed and stained with streptavidin-Cy3 and imaged on the Illumina iScan scanner.
Data sets of triplicates were analyzed using the Bioconductor package LIMMA with the
Benjamini-Hochberg (FDR) test for multiple correction. Genes with an FDR-adjusted p-
value of less than 0.05 were considered as differentially expressed. Datasets were also
analysed using the ArrayStar software package from DNAStar using the Students t-test and
FDR correction with concordant results.

Real Time PCR

Real time PCR was performed with customised Tagman Array Plates (ABI) containing gene
specific primers to assess induction of selected genes. cDNA was prepared by reverse
transcription of RNA samples (2 g) using Omniscript Reverse Transcriptase according to
the manufacturer’s instructions (Qiagen). The cDNA was adjusted to 100 ng/pl and 100 ng
incubated with Tagman Gene Expression Master Mix containing AmpliTAq Gold Ultrapure
DNA polymerase in a final volume of 20 | per reaction. Plates were then analysed on a
RealPlex QPCR machine (Eppendorf). Relative increases in RNA were then analysed using
the Delta Delta Ct method (54) using GAPDH as the reference calibration gene.

Deletion of the ATB domain

The region flanking the core bZip domain, termed the ATB domain (see text) was deleted by
first amplifying a fragment by PCR from pDJB125 (containing CREB-HATMC). Primers
were designed to extend a fragment from the Nhel site at the N-terminus of CREB-HATMC
and terminate at residue E229 followed by nucleotides corresponding to a BspEl site. Once
amplified and digested with Nhel and BspEl, the fragment was inserted back into pDJB125
similarly digested with Nhel and BspEl, where the natural BspEI site encompasses E257.
The result is deletion of residues 230 to 257 within CREB-HATMC, resulting in the plasmid
pCB10 encoding CREB-HATMC.AATB. A version of this expressing CREB-
HATMC.AATB under the control of the CMV promoter was also constructed by digesting
pCB10 with BamHI and Xbal, and inserting the appropriate fragment into similarly digested
pDJB150 (20, 22) to yield the vector pML28.
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Promoter activation assays

Fly Strains

COS cells were plated in 24-well dishes and transfected with the reporter plasmid (5XATF6-
GL3) containing five repeats of the CRE-like UPR/ATF6 element (11). Cell lysates were
prepared 24 or 48 h after transfection by addition of “Glo Lysis Buffer” according to the
manufacturer’s instructions (Promega). Luciferase activity was determined using the
“Bright-Glo” luciferase assay system as described by the manufacturer. For comparison with
the active form of CREB-H, we used a vector expressing the active form of ATF6
p3XFLAG-CMV-ATF6. Results of luciferase output were obtained using a Perkin Elmer
Victor ELISA plate reader.

UAS-CREB3L 1 and U A S-CREB3L2 were generated as described previously (33). For the
additional UAS- constructs, cDNA sequences for CREB3, CREB-H, CREB-HAATB and
CREB4 were amplified from vectors pJS13, pDJB150, pML28, and pJS85, respectively.
The sequence CACC was added to the 5 prime end of the forward PCR primers to facilitate
cloning into the pENTRD Gateway cloning entry vector. Following the Gateway LR
recombination reaction, cDNA sequences were inserted into the pTW untagged UAS-
destination vector (Drosophila Gateway Collection, Carnegie Institution, Baltimore, MD).
UAS- constructs were then injected into u?ZZ8 (white-) flies (Rainbow Transgenics, Inc.,
Camarillo, CA) and the white+ eye color insertions from transgenic animals were mapped
and balanced to establish stable stocks. engrailed (en)-Gal4 was used to drive expression of
all CREB3/CREB3L constructs in epidermal stripes (Weiss et. al., 2001). All Gal4-UAS
crosses were performed at 25° C.

In situ hybridizations

In situ hybridizations were performed as previously described (55). Images were obtained
using a Zeiss Axiophot microscope (Carl Zeiss, Inc.) configured with a Coolpix 4500 digital
camera (Nikon). Images were taken using a Plan-Neofluor 20X, 0.50 NA objective. Images
were rotated and cropped so that anterior is always to the left, and ventral is down, using
Adobe Photoshop.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Requirement for the ATB domain in CREB-HATMC transcriptional activation

(a) Organisation of the human CREB3 family members in relation to CREBA and ATF6,
showing the ATB domain (pink), the basic region (red), the leucine zipper (green), the
transmembrane (TM) domain (grey) and a conserved S1P motif (x). Primary sequence
similarity within this central region is shown below. Alignment was performed using
ClustalX and annotated with Genedoc. Shading reflects the degree of conservation weighted
for chemical similarity. In CREBA, the sequence terminates immediately after the leucine
zipper, whereas, in the CREB3 family and in ATF6, homology extends to the TM domain
and S1P site. Lumenal sequences C-terminal to the TM domain are indicated by a dashed
line. Note the absence of the ATB domain in ATF6, but its virtually complete conservation
in CREBA. Optimal alignment based on sequences from additional species is discussed
further (see Figure 9). (b) Illustration of CREB-HATMC and CREB-HATMCAATB, which
lacks 27 residues within the ATB region. COS cells were transfected with the appropriate
vectors (1 pg) and expression levels assayed by Western blotting or by immunofluorescence
using an antibody to the SV5 epitope tag (CREB-HATMC and CREB-HATMCAATB,
green channel; calreticulin (an ER marker), red channel). Scale bar, 10 uM. (c) Cells were
transfected in triplicate with the target vector 5XATF6-GL3 (1 g) containing a basal
promoter with five copies of the UPR element, and increasing amounts (10 ng, 50 ng or 100
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ng) of the expression vectors for CREB-HATMC (triangles) or CREB-HATMCAATB

(squares). Cells were harvested 24 h post-transfection and luciferase activation was
measured.
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Figure 2. ATB-dependent activation of SPCGsin Drosophila by CREB3 proteins

Ectopic expression of the truncated active forms of each CREB3 protein, or the ATB-
deletion variant of CREB-H, was achieved using the er-GALA4 driver, which resulted in
robust mRNA accumulation of each factor in epidermal stripes (left hand column). Parallel
assays were performed for expression of a series of SPCGs. The top row shows wild-type
expression of each SPCG tested with little significant background in epidermal stripes, as
expected. Expression of the human CREBS3 truncated forms induced high-level expression
of all SPCGs tested, whereas no significant expression was observed for the ATB-deleted
variant. Scale bar, 125 pm.
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Figure 3. Establishment of HEK-293 cells with regulated expression of CREB-HATMC

(a) HEK-293 cells clonally selected for doxycycline regulated expression of CREB-
HATMC were harvested at different times after induction (0.5 pg/ml of doxycycline) or
after control treatment (Un). Tightly regulated expression of CREB-HATMC can be seen,
from undetectable in untreated cells, increasing between 6 and 24 h after Dox addition. The
doublet represents full length CREB-HATMC (FL) and a phosphorylated species FL! as
previously demonstrated (22). (b) Induced cells were fixed and stained for the detection of
CREB-HATMC (green), which localized primarily in the nucleus. Cells were counterstained
with the ER marker calnexin (red). Scale bar, 10 uM. (c) 293.CREB-HATMC cells ( Dox,
open squares: +Dox, filled squares) or a control 293 cell line (filled circles: Dox, open
circles: +Dox, filled squares) were seeded at low and incubated in standard growth medium.
Dox was added to a duplicate series of each cell line 24 h after seeding. Cells were harvested
at intervals thereafter and cell proliferation measured using the Promega luminescent cell
viability assay. (d) Phase images of 293.CREB-HATMC cells immediately after plating (0
h) or after approximately 4 days (100 h) in the absence or presence of Dox. Scale bar, 100
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KM (e) CREB-H induces increased cell adhesion. 293.CREB-HATMC cells in cluster
dishes (10° cells per well), were induced with Dox or mock treated, incubated for 5 days,
then fixed with paraformaldehyde and stained with crystal violet (Total). Duplicate cultures
were aspirated, washed with PBS, then fixed and stained (Adherent). Scale bar 1 mm (f)
Quantification of cell adhesion as described in the text. Open bars represent cultures grown
in the absence of Dox, filled bars represent plus Dox. The total cell recovery was set to
100% in each case. Adherent cells numbers were below the level of significant detection
(ND) in the uninduced cultures. The values are averages of three independent experiments,
error bars correspond to standard deviations.
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Figure 4. Induction of candidate genesby CREB-HATMC

(a,b) Cells were harvested at 12 h or 24 h after Dox addition and total cell RNA isolated, and
processed as described in materials and methods. Panel a (12 h) shows changes for a
selected set of genes encoding proteins involved in secretory function. Panel b (24 h) shows
changes for a selected set of genes encoding extracellular matrix proteins and different
isoforms of collagen. Specific selective increases were observed for MMP13, SPARC and
Col12al. (c) Cells plated as in (a) were induced with and without Dox and incubated for
different times thereafter. Cell lysates were harvested and analysed by Western blotting for
expression levels of Sec24d using Lamin B as a loading control.
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Figure5. Increased secretion of specific proteinsinduced by CREB-H

(a) CREB-H induces increased secretion levels. 293tet-on (Control) and 293.CREB-
HATMC cell lines were plated at 1.5x10° cells/well in six well cluster dishes coated with
collagen and transfected 24 h later with 1 g of pTKGluc. The cells were induced with Dox
or mock treated 24 h after plating and 48 h after induction were, washed three times with
cold PBS and fed fresh medium. Supernatant (100 pl) was collected at different time points
(0, 2 and 4 h) and analysed for secreted luciferase. (b) Endogenous protein secretion induced
by CREB-HATMC. Cells were labelled and harvested as described in materials and
methods. Total cell samples were separated by SDS-PAGE (lanes 1 and 2). Corresponding
media was collected, debris removed by centrifugation, and secreted proteins isolated by
TCA precipitation (lanes 3,4). Total samples were loaded at one quarter of the cell
equivalents compared to the secreted samples. (c) Identification of cargos exhibiting
selective increases in secretion. Scale up of analysis of secreted proteins was as described in
materials and methods. Proteins precipitated from the media were separated by SDS-PAGE
and subjected to total protein analysis by either Coomassie (lanes 1,2) or silver staining
(lanes 3,4). The inset shows an enlargement of the top portion of the gel to aid identification
of one of the novel secretd species. Specific bands (humbered in images) were cut from the
stained gels and analyzed by mass spectrometry. (d) Confirmation of secreted proteins by
western blotting. Samples analysed in (a) by total protein staining were analysed by western
blotting using antibodies to each protein as indicated. Total cell samples were loaded at one
quarter the cell equivalents compared to secreted samples. The abundant secretion of Apo
A-1V is apparent, increasing from an undetectable level in uninduced cells. Increases in the
other species were also evident, each migrating with the same mobility to the band identified
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also by mass spectrometry. Actin is shown as a loading control for the total protein samples
and was not detected in the secreted samples.
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Figure 6. Selective protein secretion in liver cells over-expressing nuclear CREB-HATMC
Parental HepG2 cells (H) and HepG2 cells selected for the constitutive expression of CREB-
H-ATMC (H-CH), were analysed. (a) H-CH cells express the doublet form of CREB-H-
ATMC identical to that seen with 293Tet-on cells which localized exclusively to nuclei (b).
Scale bar, 10 M. (c) Total cell samples from H or H-CH cells, along with secreted proteins
from the corresponding media, were analysed by total protein staining on 10% (lanes 1-4) or
15% (lanes 5,6) SDS PAGE gels. No differences in protein levels could be discerned at this
level in the total cell samples. Several proteins, including albumin, remained unchanged in
the profile of secreted proteins; however, a number of novel species, including two
prominent bands were observed in the medium of H-CH cells. Bands for which unequivocal
identifications were made included albumin, Apo A-1V, Apo Al and sPLA2, as indicated.
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Figure 7. Evolutionary conservation of the CREB3 family and identification of distinct classes
The figure shows only representative proteins at the amino acid level to allow for key points
regarding subgrouping and evolutionary history to be made. For example, numerous CREB3

species from mammals have been omitted, but these all fit w

ith the conclusions and

classification discussed in the text. The family of five human CREB3 proteins are shaded in
yellow, and thus resolve into the A and B classes. MP1 indicates membrane proximal region
1; TM, transmembrane; MD1, membrane distal region 1. Consensus S1P sites are shaded
red. Numbering within the TM domain starts at the completely conserved cysteine. Other

features are as described in the text.
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Figure 8. A unifying model proposing a conserved rolefor CREB3 proteinsin responding to
potentially diverse signals, leading to increased secretory capacity and car go secretion

With regard to secretory functions, responses promoted by CREB3 proteins can be either
general and controlled by all CREB3 members, e.g., regulating general flux or supplying
limiting factors or be specific for different CREB3 members e.g., increasing distinct limited
secretory components required for distinct types of cargos or in different cells. Similarly,
apart from genes for secretory components, CREB3 proteins can regulate other targets such
as the cargos themselves and again these could be common or distinct. In the response
output (top right of diagram), common responses promoted by all family members are
indicated by the single blue outline, with responses promoted by individual members
superimposed in smaller brown squares. Whereas to date most CREB3 target gene encode
either secretory pathway components, secreted cargos or modifying enzymes, additional
classes of targets catering to distinct stimuli are likely to also be regulated by CREB3
associated pathways.
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TABLE 1

Results of microarray analysis in 293.CREB-HATMC for genes differentially regulated after the addition of
Dox to induce CREB-HATMC. Assays were performed in triplicate at 12h and 24h after Dox addition and
analysed on Affymetrix Human Gene 1.0 ST arrays. Genes with an FDR-adjusted p-value of less than 0.05 are
considered as differentially expressed and the table indicates a selection of these genes with changes in gene
expression over 1.5x, grouped on the basis of potential pathways or function. A table of the full complement
of differentially regulated genes is attached in Supplementary Table 1. These genes were also analysed using
the David Bioinformatic Resource for Gene Ontogeny using a multiple linkage threshold of 0.5, a cut-off
EASE score of probability of 0.01. This analysis is presented in Supplementary Table 2

List of oligonucleotides used for Drosophila fly strain construction

CREB3L3 | 5 | CACCATGAATACGGATTTAGCTGCTGG 3
FGW

CREB3L3 | 5" | TTAACAGGTGCCTGTCTGGGCTGA 3
RGW

CREB3L4 | 5" | CACCATGGATCTCGGAATCCCTGACCTG | 3’
FGW

CREB3L4 | 5" | CTAGCTGGTCTGGGCAGCTTTGTTGG 3
RGW

CREB3 5 | CACCATGGAGCTGGAATTGGATGCTGG 3
FGW

CREB3 5" | CTATATCTCAATCACCATGGCCTGGAG 3

RGW
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