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Neurobiology of Disease

Overexpression of CHOP in Myelinating Cells Does Not
Confer a Significant Phenotype under Normal or Metabolic
Stress Conditions

Cherie M. Southwood,' Bozena Fykkolodziej,' Kathleen J. Maheras,' Danielle M. Garshott,> Molly Estill,!
Andrew M. Fribley,>* and Alexander Gow' >
'Center for Molecular Medicine and Genetics, 2Carman and Ann Adams Department of Pediatrics, *Molecular Therapeutics Program, Barbara Ann
Karmanos Cancer Institute, and *Department of Neurology, Wayne State University School of Medicine, Detroit, Michigan 48201

The PKR-like endoplasmic reticulum kinase (PERK) pathway of the unfolded protein response (UPR) is protective against toxic accu-
mulations of misfolded proteins in the endoplasmic reticulum, but is thought to drive cell death via the transcription factor, CHOP.
However, in many cell types, CHOP is an obligate step in the PERK pathway, which frames the conundrum of a prosurvival pathway that
kills cells. Our laboratory and others have previously demonstrated the prosurvival activity of the PERK pathway in oligodendrocytes. In
the current study, we constitutively overexpress CHOP in myelinating cells during development and into adulthood under normal or UPR
conditions. We show that this transcription factor does not drive apoptosis. Indeed, we observe no detriment in mice at multiple levels
from single cells to mouse behavior and life span. In light of these data and other studies, we reinterpret PERK pathway function in the
context of a stochastic vulnerability model, which governs the likelihood that cells undergo cell death upon cessation of UPR protection
and while attempting to restore homeostasis.
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Herein, we tackle the biggest controversy in the UPR literature: the function of the transcription factor CHOP as a protective or a
prodeath factor. This manuscript is timely in light of the 2014 Lasker award for the UPR. Our in vivo data show that CHOP is not a
prodeath protein, and we demonstrate that myelinating glial cells function normally in the presence of high CHOP expression from
development to adulthood. Further, we propose a simplified view of UPR-mediated cell death after CHOP induction. We anticipate
our work may turn the tide of the dogmatic view of CHOP and cause a reinvestigation of its function in different cell types.
Accordingly, we believe our work will be a watershed for the UPR field. j

ignificance Statement

of degenerative diseases has sparked a plethora of in vitro and in
vivo studies to define molecular pathways and identify therapeu-
tic targets that can be used to mitigate patient symptoms. The
broad understanding of signaling cascades downstream of UPR
activation have been relatively unchanged for over a decade

Introduction
Widespread realization about the importance of the unfolded
protein response (UPR) and metabolic stress in the pathogenesis
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(Harding et al., 2002; Kaufman, 2002; for review, see Gow and
Sharma, 2003), although there are considerable uncertainties
about some specific details.

For example, transient suppression of global protein synthesis
in response to UPR signaling occurs through a transcriptional
time-delay cycle initiated by dimerization and transautophos-
phorylation of the endoplasmic reticulum-resident PKR-like
endoplasmic reticulum kinase (PERK). This triggers phospho-
inactivation of the eukaryotic initiation factor, eIF2, induces ex-
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pression of several transcription factors, and eventually leads to
the expression of the GADD34 regulatory subunit of protein
phosphatase I, which dephosphorylates phospho-elF2« and re-
activates global protein synthesis. However, the mechanism by
which this regulatory cycle protects cells from the pathogenic
consequences of unfolded protein accumulation and yet actively
kills cells upon UPR activation, or more specifically upon expres-
sion of the transcription factor CHOP, remains unclear and
controversial.

In a previous study, we characterized a Chop gene loss-of-
function mouse mutant (via homologous recombination), which
exhibits a severe degenerative phenotype when crossed to the
rumpshaker (rsh) mouse. The rsh mouse is a naturally occurring
CNS myelin mutant harboring a missense mutation in the
X-chromosome Plp1 gene, which induces a UPR in oligodendro-
cytes but normally confers a mild disease phenotype. Subsequent
studies by other groups have confirmed the disease-enhancing
phenotype associated with UPR inactivation, using Perk gene
loss-of-function phenotypes in oligodendrocytes that are ex-
posed to UPR-inducing stimuli, such as proinflammatory cyto-
kines (Lin et al., 2005, 2007).

The beneficial effects of CHOP expression on myelination are
not limited to the CNS. Indeed, Schwann cells of the PNS-
expressing missense mutant forms of the major myelin protein
zero undergo UPR induction and express CHOP, which does not
induce cell death but rather enables these cells to survive by ded-
ifferentiation and subsequent redifferentiation (Pennuto et al.,
2008; Saporta et al., 2012). CHOP expression in non-neural cells,
including chondrocytes and adipocytes, also modulates dediffer-
entiation and/or differentiation, not cell death, under metabolic
stress conditions (Batchvarova et al., 1995; Tsang et al., 2007). In
light of such data indicating the prosurvival effects of CHOP
expression in multiple cell types, we sought to directly test the
contrary and pervasive view in the published literature that
CHOP expression constitutes an obligate prodeath signal.

In the current study, we take a direct in vivo approach and
examine the effects of chronic CHOP overexpression in myeli-
nating cells of both the CNS and the PNS during development, in
adulthood, and in the absence or presence of protein misfolding.
We find in three independent lines of transgenic mice, as well as
in transgenic myelin mutants undergoing postnatal UPR disease
in oligodendrocytes, that continuous CHOP expression and lo-
calization to the nucleus have few, if any, detrimental conse-
quences for myelinating cells and confer no detectable phenotype
for the animals. These data suggest that, during a UPR, or under
otherwise normal physiologic conditions, transgenic overexpres-
sion of CHOP neither causes nor exacerbates levels of apoptosis.
Together with our previously published studies of other molecu-
lar components downstream of PERK activation (Sharma and
Gow, 2007; Sharma et al., 2007), these data warrant a reinterpre-
tation of the PERK pathway as the central mediator of cell death
under metabolic stress conditions. Finally, we present a model of
the UPR cycle, for which we integrate apparently disparate pro-
survival and prodeath activities of the PERK pathway in terms of
stochastic vulnerability for cells emerging from the UPR and re-
establishing homeostasis.

Materials and Methods

Expression cassette and transgene generation. The 4.2 kb promoter-
enhancer from the mouse 2, 3'-cyclic nucleotide 3'- phosphohydrolase
(Cnp) gene was a kind gift from Michele Gravel (Gravel et al., 1998). We
modified this cassette in two ways to generate the transgene expression
cassette, pCG. First, we inactivated the Kozak consensus sequence (Ko-
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zak, 1987) in exon 0 of the promoter-enhancer to eliminate an open
reading frame (ORF) that could otherwise generate out-of-frame poly-
peptides from the chop coding sequence. This ensures that all transcripts
generated from the transgene encode CHOP. To do this, we mutagenized
the ATG to TTG in exon 0 using Quikchange (Agilent Technologies)
primers: 5'-CGC CCA CTC ATC TTG GTG AGC GCA G-3' (sense) and
5'-C TGC GCT CAC CAA GAT GAG TGG GCG-3' (antisense). The
underlined nucleotides show the A-to-T mutation in the translation start
codon (bolded nucleotides). Second, we added 1.6 kb of genomic se-
quence from the human -globin gene containing exons 2 and 3 to pro-
vide polyadenylation signals (Gow et al., 1992).

To generate the CchopG transgene for the current study, we TA-cloned
and bidirectionally sequenced an RT-PCR product containing the mouse
Chop ORF in pCR2.1 (Invitrogen) using primers: 5'-GGA TCC ATG
GCA GCT GAG TCC CTG C-3' (sense) and 5-AGA TCT TTC ATG
CTT GGT GCA GGC TG-3’ (antisense). The primers contain BamHI or
BglII restriction enzyme sites for cloning into the unique BamHI site of
pCG. The Notl fragment of pCchopG comprising the transgene is 6 kb.

In vitro generation of CHOP-null SCC23 cell clones. Both alleles of the
CHOP gene in the human oral squamous carcinoma cell line, SCC23,
were functionally inactivated using CRISPR/Cas9 genome engineering at
the Genome Engineering and iPSC Center, Washington University. The
guide RNAs to direct CHOP gene editing were 5'-GAG TCA TTG CCT
TTC TCG CTT-3" and 5'-GGA GGA GCC AGA ACC AGA GAG-3'.
Three independent cell clones were established and two (1E1 and 3A4)
were used in the current study. The SCC23-1E1 clone was characterized
in greatest detail by sequencing the CHOP gene to identify the allele-
specific genetic mutations. These mutations comprise deletions of differ-
ing lengths: a 1 bp deletion in exon 3 (chr12:57,517,381 del G on the
GRCh38/hg38 human genome assembly) and a 3 bp deletion in exon 4
(chr12:57,517,108-10 del GAC) for CHOP allele a, and a 274 bp deletion
from exon 3 to exon 4 (chr12:57,516,108-57,516,380 del) for allele b. Both
mutant alleles encode nonsense proteins after 9 codons of the CHOP
ORF but may permit expression of stable processed mRNAs.

In vitro characterization of the CchopG transgene. Both SCC23-1E1
and SCC23-3A4 clones were stably transfected with each of three plas-
mids: (1) the pCMV-chop plasmid encoding mouse CHOP used to gen-
erate the transgene in this study; (2) the empty transgene parent plasmid,
pCG; and (3) the pCchopG transgene plasmid used to generate transgenic
mice in this study.

Each of the pCMVchop, pCG, and pCchopG plasmids was mixed 10:1
(molar ratio) with a pcDNA3.1zeo selectable marker plasmid (catalog
#V86020, ThermoFisher Scientific) and transfected into 35 mm culture
dishes of SCC23-1E1 and SCC23-3A4 cells using FuGENE HD (Pro-
mega) as recommended by the manufacturer. After 3 d, all of the trans-
fected plates were trypsinized and seeded onto 150 mm culture dishes for
growth in culture medium containing 100 ug/ml zeomycin (Zeocin,
catalog #R25001, ThermoFisher Scientific). After 9 d, cells from several
zeomycin-resistant colonies were harvested from the plates and ex-
panded (not cloned by limiting dilution) for characterization by immu-
nofluorescence labeling with anti-CHOP antibodies. The SCC23-1E1
cells grew more rapidly than SCC23-3A4 cells (a growth property of these
parent clones) and were characterized further.

UPR induction/survival assay in SCC23-1EI cells. Cells (7500 cells
plated) were grown in 96 well plates for 48 h with tunicamycin in the
culture medium (Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal calf serum (FCS), glutamine, penicillin-
streptomycin). CellTiter-Glo reagent (Promega) was added to the wells,
and fluorescence measured from a plate reader was used to determine cell
viability as recommended by the manufacturer and established proce-
dures (Xi et al., 2015). Thereafter, the cells were harvested using Cells-
to-CT (Ambion, Invitrogen), and gene expression was quantified by
qPCR according to established procedures (Xi et al., 2015).

Mice and genotyping. All experiments involving mice were performed
in compliance with the Department of Laboratory and Animal Sciences
guidelines at Wayne State University under the auspices of the Institu-
tional Animal Care and Use Committee protocols A 04-02-09 and A
03-01-12, as approved by the Animal Investigation Committee. Mice
were maintained on a hybrid background strain of C57BL/6 X C3H. To
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maintain this background, we continuously backcrossed the mutant
mice in our colony with purchased B6C3F1/Tac males (Taconic Farms).

CchopG transgenic mice [Tg(Cnp-Ddit3)786Gow, MGI:5318476]
were generated by pronuclear injection into embryos from a C57BL/6] X
SJL F1 hybrid strain by the transgenic core at from the University of
Michigan. Founder mice were backcrossed for two generations to
purchased B6C3F1/Tac females (Taconic Farms) and then to the
X-chromosome linked mutant proteolipid protein 1 (Plp1) strains, either
rumpshaker (rsh) or myelin-synthesis deficient (1sd) mice on a B6C3F1/
Tac background (Southwood et al., 2002). In these cases, both the
CchopG and Plp] mutant alleles were carried through the female germ-
line, and these mice were backcrossed with B6C3F1/Tac males for 5-10
generations. The ORF of transgene-derived mouse CHOP expressed in
transgenic mice was confirmed by bidirectional sequencing of tail DNA
that was PCR amplified from transgenic mice.

Mice were genotyped between 6- and 10-d-old from tail/toe biopsy
DNA using PCR. Biopsies were initially frozen on dry ice for storage at
—80°C and subsequently digested with 0.4 mg/ml proteinase K (Pro-
mega) in Direct PCR buffer (Viagen Biotech) at 55°C overnight as rec-
ommended by the manufacturer. The transgene is detected in mouse
genomic DNA as a 385 bp product generated using PCR primers: 5'-
TGG AGC CAG AGA CTA AGA GGT TAG G-3' (sense; Cnp promoter)
and 5'-CTG CAG ATC CTC ATA CCA GGC TTC C-3' (antisense; Chop
OREF). Primers to genotype the msd mutant allele are as follows: 5'-TTG
TGCTTG CTT TTC TGT TCT AAG AAA TAA-3' (AG0214, sense) and
5'-TTA CCA GGG AAA CTA GTG TGG CCT CAG CAC-3" (AG0215,
antisense), which generate a 125 bp product (PCR conditions: 94°C, 60 s;
55°C, 90 s; 72°C, 120 s; 35 cycles) for Fnu4H I restriction (New England
Biolabs) to digest the wild-type allele (88 + 37 bp). The rsh allele is
identified using primers 5'-GCT GAT TTT TAA CCA CTC CAT GTC-3’
(AG0521, sense) and 5'-CAA CTC ACC ATA CAT TCT GGC ATC-3'
(AGO0522, antisense), to generate a 212 bp product (PCR conditions:
94°C, 60 s; 55°C, 90 s; 72°C, 120 s; 35 cycles) that is restricted with Acc I
(New England Biolabs) to identify the rsh allele (150 + 62 bp).

Southern and northern blotting. For Southern blotting, genomic DNA
was purified by overnight digestion of tail biopsy at 55°C with 0.7 ml of
0.5 mg/ml proteinase K (Promega), 0.5% SDS, 0.1 m EDTA in 50 mm
Tris, pH 8.0. Samples were phenol:chloroform extracted, precipitated in
3 volumes of ethanol, and the pellets dissolved overnight at 55°C in 10
mM Tris, 1 mm EDTA, pH 8.0. DNAs were double-digested with BamHI
for 6 h in the presence of spermidine and electrophoresed overnight on
0.8% agarose gels at 30 V. Gels were acid/alkali treated, transferred to
Nytran SPC membrane (Whatman), and probed as detailed previously
(Gow et al., 1999).

For northern blotting, tissue samples were rapidly dissected, rinsed
briefly in PBS, pH 7.4, and frozen in 13 ml Falcon tubes (Fisher Scientific)
ondryice. To purify total RNA, frozen testes were homogenized using an
Ultra-turrax, model T50, fitted with a microprobe (IKA Works) for 1
min in 2 ml of 4 M guanidinium isothiocyanate containing 0.5% sodium
lauroyl sarcosine (Sigma-Aldrich) and 0.1 M mercaptoethanol added
freshly. Homogenates were briefly centrifuged at 3000 X g for 5 min, and
the supernatants were overlaid onto 3 ml columns of 5.7 M CsCl in SW55
tubes (Beckman Coulter) for centrifugation at 35,000 rpm for 20 h at
22°C. Northern blots were generated using 5 or 10 ug total RNA samples
run on 1% formaldehyde-agarose gels (Chirgwin et al., 1979) and probed
as detailed previously (Stecca et al., 2000).

Probes for Southern and northern blots were *?P-labeled using a
Klenow-based random-priming kit as recommended by the manufac-
turer (New England Biolabs) and included the 0.4 kb ORF fragment of
mouse Chop that was cloned into the pCG transgene. For Southern blots,
1-2 X 10° dpm/3 ml hybridization solution was used; for Northern blots,
3-4 X 10° dpm/3 ml hybridization solution was used.

Antibodies. Antibodies used were as follows: rabbit anti-CHOP [1:
4000, B1259 (Southwood et al., 2002)]; mouse anti-CHOP (1:500, clone
B3, Santa Cruz Biotechnology); mouse anti-CHOP (1:1000, clone L63F7,
catalog #2895, Cell Signaling Technologies); mouse anti-GAPDH (1:
10,000, clone 6C5, catalog #sc-32233, Santa Cruz Biotechnology); mouse
anti-B-actin (1:1000, catalog #A1978, Sigma-Aldrich); rat anti-PLP (1:
100, clone AA3); rat anti-BrdU (1:100, clone BU1/75; catalog #MAS-
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250p, Harlan Sera-Lab); mouse anti-CNP (1:5000, catalog #SMI91,
Covance); anti-cleaved caspase 3 (1:2000, catalog #RA15046, Neurom-
ics); rabbit anti-IBA1 (1:300, catalog #019-1974, Wako); mouse anti-
CD68 (1:300, catalog #MCA1957, AbD Serotec); and mouse anti-MBP
(1:5000, catalog #SM194, Covance). Species-specific and isotype-specific
secondary antibodies were obtained from Southern Biotechnology, and
all other secondary antibodies were from Invitrogen.

Western blotting. Optic nerves and cervical spinal cords were rapidly
dissected from decapitated mice and frozen on dry ice. Samples were
subsequently homogenized with an Ultra-turrax homogenizer for 1 min
in cell lysis buffer containing 1% Triton X-100, 2 mm EDTA, 0.5 mm
PMSE, protease inhibitors (Sigma-Aldrich; catalog #P8340; concentra-
tion as recommended), and benzonase (1:400 dilution; EMD Millipore)
in 10 mMm Tris-buffered saline, pH 7.4. Protein concentrations were mea-
sured by Bradford (Bio-Rad), and 5-30 ug of protein per lane was elec-
trophoresed on SDS-polyacrylamide gels. For SCC23 cells, whole-cell
lysates were prepared using modified RIPA buffer (Fribley et al., 2004)
and 100 ug of protein was loaded onto gels. Proteins were transferred to
Protran membranes (ThermoFisher Scientific) and developed as previ-
ously described (Southwood et al., 2012).

Immunocytochemistry and in vivo BrdU labeling of mice. Mice between
1.5d (P1.5) and 6 months of age were anesthetized intraperitoneally with
400 mg/kg 2,2,2-tribromoethanol (Sigma) in sterile saline and perfused
through the left ventricle with freshly prepared 4% PFA (Sigma) in 0.1 M
phosphate buffer, pH 7.2, at room temperature for 15 min. Tissues were
dissected and infiltrated with 40% sucrose in 0.1 M phosphate, pH 7.2,
overnight at 4°C and embedded in OCT (ThermoFisher Scientific) for
cryostat sectioning as described previously (Wu et al., 2012). Ten micro-
meter sagittal or coronal sections of brain and spinal cord were mounted
on Superfrost plus slides (ThermoFisher Scientific) and stored at —20°C.
Sections were permeabilized in methanol at —20°C (except for anti-
CD68 antibody labeling, where sections were permeabilized with 0.1%
saponin), and incubated for 1 h at room temperature in block solution
[1% BSA (catalog #A2153, Sigma), 0.1% gelatin (catalog #G-1890,
Sigma), 2% normal goat serum, 0.1% saponin (Sigma) in Tris-buffered
saline, pH 7.5]. Sections were labeled with primary antibodies overnight
at room temperature in block solution and washed between with Tris-
buffered saline, pH 7.5. Sections were finally mounted using Vectashield
(Vector Laboratories), and coverslips were sealed with nail polish. For
BrdU (Sigma) labeling, mice were injected intraperitoneally with a 5
mg/ml stock solution in sterile saline at a dose of 50 mg/kg and perfused
as described above after 3 h. To expose DNA-incorporated BrdU in
cryostat sections, slides were incubated in freshly diluted 4 m HCl for 15
min followed by 2 X 15 min washes in freshly prepared 0.1 M sodium
borate, pH 8.5. Slides were then processed for immunocytochemistry.

qPCR assays. Cervical spinal cords and optic nerves were rapidly dis-
sected from killed mice and frozen on dry ice for storage. Individual
samples were homogenized in QIAzol (QIAGEN) using an Ultra-turrax
T8 homogenizer (ThermoFisher Scientific), and total RNA was purified
using a RNeasy Lipid Tissue Mini kit (QIAGEN) as recommended by the
manufacturer. Sample quality was initially assessed for quality and found
to be 1.92 = A,¢/A,50 = 2.09. The samples were immediately reverse-
transcribed (RT) to ¢cDNA using a High Capacity cDNA Reverse
Transcription kit (Applied Biosystems) as recommended by the manu-
facturer. An additional measure was used to verify cDNA quality by
demonstrating the linear amplification of each sample by RT of TAT-
binding protein mRNA from 400 ng and 2 pg aliquots of mRNA. gPCR
analysis was performed in 384 well plates using a CFX384 Real-Time
System (Bio-Rad). Details of mouse-specific TagMan probes (Invitrogen)
used in this study were as follows: A#f3, Mm00476032_m1; Atf4,
Mmo00515324_m1; Atf6, Mm01295319_m]1; Bak, Mm00432045_m1; Bax,
Mm00432051_m1; Bim, MmO00437796_m1; Bip, Mm00517691_ml;
Caspase3, MmO01195085_m1; Chop, endogenous (Chopi), Mm0049
2097_ml; Chop, total (endogenous + transgene), MmO0113
5937_gl; Der2, Mm00504288_m1; Gadd34, MmO00435119_m1*; Herpdu,
Mm00445600_m1; Mbp, Mm01262037_m1; Mog, Mm00447824_m1;
p21€"P, Mm04207341_m1; Plpl, MmO01297210_ml; XbpI'ce,
Mm00457357_m1*; and Tbp, Mm00446973_m1. The human-specific Taq-
Man probes (Invitrogen) used were as follows: CHOP, Hs01090850_m1;
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XBPIPH,  Hs03929085_gl; BIP, Hs99999174_ml;
Hs00169585_m1; and 18S, Hs99999901_s1.

Microglial morphometry. Random epifluorescence images for analysis
were captured at 20X magnification using an ORCA-R® camera
(Hamamatsu) attached to a Leica DM5500 B research microscope (Leica
Microsystems) and quantified using MetaMorph version 7.7.2.0 (Molec-
ular Devices). To analyze microglia, we focused solely on anti-IBA1-
labeled cell bodies with a DAPI" nucleus. Microglia were considered
activated when an IBA1™ cell body was also labeled with anti-CD68
antibodies above background fluorescence.

Relative microglial cell body size and area of tissue occupancy were
determined using a grid overlay (MetaMorph) with grid squares twice
the size of the largest IBA ™ cell body (60 X 60 screen pixels). The number
of cell bodies intersected by the grid was counted. After moving the grid
in the x- and y-planes by 30 pixels, cell bodies intersected were recounted
and averaged with the initial count. The number of cells intersected was
then normalized to microglia per field to compute relative cell area and
proportion of activated (CD68 *) cells.

Kaplan—Meier plots. Wild-type and CchopG4 mice on either rsh or msd
genetic backgrounds were weaned at P19-P21 and housed in mixed ge-
notype cohorts up 120 d (rsh) or 60 d (msd). Ages of the mice at death
were recorded and expressed as fractions. Mice living beyond these age
windows were killed. The data were analyzed using Mantel-Cox and
Gehan-Breslow-Wilcoxon y? tests with 10 mice per genotype.

Rotarod analysis. Motor coordination of mice was tested between 1
and 12 months of age (CchopG4 mice) or at 2 and 4 months of age
(CchopG6A and CchopG6B mice) using a 2 d rotarod analysis (Med As-
sociates) as described previously (Sharma et al., 2007). Briefly, mice were
trained three times at 1 h intervals for 5 min on a rotarod accelerating
linearly between 4 and 40 rpm on day 1. On day 2, the mice performed the
same test, but the lengths of time on the rod were recorded and averaged
for each mouse.

Electron microscopy and g-ratios. Mice at 4 months of age were anes-
thetized with 400 mg/kg 2,2,2-tribromoethanol (Sigma) in sterile saline
intraperitoneally, and perfused through the left ventricle with freshly
prepared 4% PFA/0.5% glutaraldehyde (Electron Microscopy Sciences)
in 0.1 M sodium cacodylate (Electron Microscopy Sciences) buffer, pH
7.2, at room temperature for 60 min. The mice were then stored over-
night at 4°C in a moist chamber before dissection at room temperature
and sample collection. The dissected tissue was postfixed with osmium
tetroxide (Electron Microscopy Sciences) and embedded in Araldite
(Electron Microscopy Sciences) for electron microscopy using an
EM1010 (JEOL) as previously described (Devaux and Gow, 2008).

Electron micrographs from wild-type and transgenic mice were ana-
lyzed using OpenLab software, version 5.0.1. Axon circumference and
the myelin thickness were measured using a digitizing tablet (Wacom
Technology) and the equivalent circular axon and fiber diameters com-
puted. Electron micrographs from which g-ratios were measured were
selected based on the quality of axon and myelin morphology. Thus, the
histograms of axon diameters reported between wild-type and transgenic
mice are approximate and not meant to signify an unbiased analysis of
axon diameter.

Auditory brainstem responses (ABRs). One-month-old mice were anes-
thetized with 375 mg/kg avertin injected intraperitoneally. ABRs were
elicited using 8, 16, and 32 kHz tone pips at sound intensities of 80-20 dB
sound pressure level (SPL) and were recorded bilaterally between mas-
toid and vertex subdermal electrodes as described previously (Gow et al.,
2004). Left and right ear ABRs were measured and averaged for each
mouse, with five mice analyzed per genotype. Interpeak latencies of the
ABRs, which are strongly dependent on intact myelination (Gow et al.,
2004), were calculated as a measure of cochlear and brainstem function
in the auditory pathway.

Statistical analyses. All statistical tests were performed using Prism
software version 5 (GraphPad). Mean * SEM values were calculated for
statistics, with the number of mice used per genotype between 3 and 10 as
indicated in the figure legends. These numbers of independent measure-
ments were used to compute test statistics for significance.

GADD34,
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Results

Early studies of UPR function proposed that expression of the
transcription factor CHOP, which is several steps downstream of
PERK activation, directly activates cell death in cultured cells and
in vivo (Zinszner et al., 1998; Oyadomari et al., 2002). However,
the impact of loss-of-function alleles of Chop on UPR-related
disease is modest to variable (semidominant phenotypes). In
light of contemporary studies, a proapoptotic function for CHOP
seems less tenable, at least for several cell types (Southwood et al.,
2002; Lin et al., 2005; Tsang et al., 2007; Lin et al., 2008; Saporta et
al., 2012; Han et al., 2013).

Indeed, transcriptomics analysis of CHOP targets does not
identify the proapoptotic cascade that would be expected for a
proapoptotic regulator (Han et al., 2013). Other in vitro stud-
ies suggest that imbalance between different facets of UPR
signaling to the nucleus leads to the generation of proapop-
totic signals (Ron and Walter, 2007), although in vivo evidence
demonstrates that this interpretation, too, is problematic (Lin
et al., 2013). We have previously proposed that PERK signal-
ing is an evolutionarily conserved pathway that protects cells
from metabolic stress, but at the cost of increased vulnerability
to a loss of homeostasis and stochastic cell death as the PERK
time delay circuit completes each cycle and restores protein
synthesis (Southwood et al., 2002; Gow and Wrabetz, 2009),
and recent data lend support to this view (D’Antonio et al.,
2013; Han et al., 2013).

In vitro characterization of the CchopG transgene

The mouse Cnp gene promoter-enhancer was used to drive
expression in the CchopG transgene for this study (Fig. 1A).
We characterized the biological activity of the transgene-
derived mouse CHOP protein in an in vitro paradigm, by gen-
erating stably transfected cell lines from SCC23 cells (Xi et al.,
2015) in which both alleles of the endogenous human CHOP
gene were functionally inactivated (SCC23-1E1 and SCC23-
3A4 clones) by CRISPR/Cas9 gene editing. When challenged
with 2.5 wg/ml tunicamycin in the culture medium for 6 h,
parent SCC23 cells express CHOP protein, whereas the
SCC23-1E1 (Fig. 1B) and SCC23-3A4 clones do not.

Consistent with the apparent prosurvival activity of CHOP
in myelinating cells in vivo (Southwood et al., 2002; Saporta et
al., 2009), this transcription factor does not reflexively confer
death on SCC23 cells undergoing a UPR. We have taken ad-
vantage of SCC23 cells lacking a functional endogenous CHOP
gene to demonstrate the biological function of mouse CHOP
expressed from the CchopG transgene in stably transfected
SCC23-1E1 cells. In the absence of a UPR, the stable transfec-
tants tolerate significant constitutive CHOP expression, de-
spite nuclear localization and presumptive binding to cis
elements in target genes (Fig. 1C). Moreover, CHOP-positive
cells continue to divide under basal cell culture conditions
(Fig. 1E,F). The CHOP protein is not detected in the negative
controls (Fig. 1D,G,H).

Exposing stable transfectants and parent SCC23 controls to
low-dose tunicamycin for 48 h (0.03 wg/ml) induces a UPR.
Constitutive expression of mouse Chop mRNA is detectable in
the pCchopG and pCMVchop transfectants but not the parent
SCC23 cells or pCG-transfected cells (Fig. 1I). Tunicamycin
induces the IRE1 pathway targets, human XBPI splicing, and
BIP expression, which demonstrates a UPR in all but the pCG
transfectants. These data suggest a heretofore unrecognized
regulation of IRE1 pathway activity by preemptive PERK ac-
tivation, and indicating cells are marginally less sensitive to
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Figure 1.  Invitro characterization of the biological activity of transgene-derived CHOP. A, Schematic of the NotI-flanked, 6 kb
(chopG transgene comprising 4.2 kb of the mouse Cnp promoter/enhancer and exon 0 through the 5 untranslated region of exon
1 (blue checker); the ORF of the full-length active mouse CHOP protein (red), and; a genomic fragment of the human-globin gene
from the 3 portion of exon 2 to downstream of the polyadenylation signal in exon 3 (orange). The Cnp gene harbors two transcrip-
tion start sites (arrows), but there are no AUG translation start sites upstream of the CHOP ORF. B, Western blots from SCC23 cell and
the human CHOP-null clones, SCC23-1E1 and SCC23-3A4, lysates after growth with or without tunicamycin (2.5 pg/ml) in the
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UPR stressors (rather than refractory)
in the absence of CHOP (Fig. 1],K).

Demonstration of the biological activity
of transgene-derived mouse CHOP protein
is shown in Figure 1L, M. The positive con-
trol SCC23 parent cells induce both human
CHOP and human GADD34 mRNA
expression under the UPR conditions of
this assay. So too do SCC23-1E1 cells stably
transfected with the mouse CHOP-
encoding pCchopG and pCMVchop plas-
mids (human CHOP mRNA in these cells
encodes nonsense protein, see Materials and
Methods). Neither the CHOP nor GADD34
genes are induced in pCG-transfected
SCC23-1EI1 cells.

When exposed to higher concentra-
tions of tunicamycin (0—0.125 ug/ml) for
48 h in a cell survival assay, CHOP-
positive cells are no more sensitive to cell
death, despite CHOP expression and UPR
induction, than CHOP-negative cells
(Fig. 1N). Together, these data demon-
strate that the CchopG transgene expresses
biologically active mouse CHOP protein,
which constitutively localizes to the nu-
cleus, induces expression of the (mutant)
human CHOP gene and the known target
GADD34, and does not induce cell death

<«

culture medium for 6 h to induce a UPR. GAPDH is used as a
control for cell lysate loading. ¢, D, Inmunofluorescence
staining of SCC23-1E1 cells stably transfected with pC-
chapG (C) or p(G plasmids (D). Mouse CHOP (green) is con-
stitutively localized to the nucleus (DAPI, blue) in
expressing cells. E-H, Immunofluorescence staining of
SCC23-1E1 cells stably transfected with pCMVchop (E, F) or
pCG plasmids (G, H). Black arrows indicate two CHOP-
positive mitotic cells, in which the nuclear envelope has
been disassembled and CHOP is localized to the cytoplasm.
Inset, DAPI staining shows chromosome condensation in
preparation for cell division. White arrows indicate a
CHOP-positive interphase cell. 1, gPCR of mouse Chop ex-
pression in SCC23 and SCC23-1E1 cells stably transfected
with the pCMVchop or pCchopG plasmids. CHOP expression
is constitutive, rather than being induced by tunicamycin,
as expected for the C(MV and (np promoter-enhancers. The
Chop expression is not detected in the parent SCC23 cells or
the p(G-transfected SCC23-1E1 cells. J, K, Cells grown in a
low concentration of tunicamycin added to the culture me-
dium for 48 h show activation of the IRE1 arm of the UPR by
XBP1 splicing (J) and BIP gene induction (K). L, M, Cells
grown in 0.03 wg/ml tunicamycin for 48 h show activation
of the PERK arm of the UPR by induction of human CHOP
and GADD34 mRNAs in SCC23 cells, and SCC23-1E1 cells
(human CHOP mRNA encodes a nonsense protein in these
cells) stably transfected with pCMVchop or pCchopG plas-
mids. These data demonstrate the expected biological ac-
tivity of transgene-encoded mouse CHOP protein. The
human PERK pathway genes are not induced in SCC23-1E1
cells transfected with p(G plasmid. N, Survival assay of
cells grown for 48 h in the absence or presence of tunica-
mycin (0-0.125 pg/ml) shows that mild UPR induction is
not cytotoxic to CHOP-positive or CHOP-negative cells.
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Figure 2.  Oligodendrocyte-specific expression of the (chopG transgene. A, Souther blots
used to determine copy number of the transgene in three independent lines of mice using the
endogenous Chap gene (Endog.) as an internal control (two copies per genome). B, Northern
blot of P16 spinal cord samples showing the relative expression levels of Chop mRNA in three
independent lines of transgenic mice as well as wild-type (IWT) littermates and age-matched
msd mouse controls. €, Western blots from P16 optic nerve showing the relative expression
levels of CHOP in three independent lines of transgenic mice and a compound heterozygote
derived by breeding lines 6A and 6B compared with wild-type and rsh controls. Control lanes
include B-actinto show loading and the No Primary (No 1°) lane to show antibody specificity. D,
Morphometric analysis from four regions of P16 mouse brain to show the proportion of (NP *
oligodendrocyte lineage cells expressing CHOP from three independent transgenic lines as well
as wild-type littermates and age-matched rsh controls. Cer, Cerebellum; SCol, superior collicu-
lus; Cor, cortex; Thal, thalamus.

under these UPR conditions for at least 48 h. Finally, mouse
CHOP does not induce CHOP or GADD34 gene expression in the
absence of metabolic stress, despite constitutive nuclear localiza-
tion in interphase cells.

The myelin Cnp gene promoter expresses specifically
in oligodendrocytes
The Cnp promoter-enhancer drives transgene expression in oli-
godendrocyte lineage cells and Schwann cells. Three transgenic
founder lines were generated from pronuclear injections of the
pCchopG transgene, and Southern blot analysis reveals a single 6
kb band from BamHI-digestion of genomic DNA (Fig. 24). An
additional 3.6 kb hybridization band shows the endogenous Chop
gene, which enables determination of the transgene copy number
for each line.

Northern blotting of total RNA from postnatal day 16 (P16)
whole spinal cord in each of the transgenic lines demonstrates
strong constitutive expression of Chop mRNA (Fig. 2B), which is
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fourfold to sixfold above littermate controls. In addition, this
overexpression is approximately twofold greater than levels in the
age-matched myelin-synthesis-deficient (msd) mouse, which is a
naturally occurring Plp] mutant strain harboring a missense mu-
tation that induces a strong UPR in oligodendrocytes and confers
a severe disease phenotype (Southwood et al., 2002).

Transgene-derived Chop mRNA is efficiently translated in the
CNS as demonstrated by Western blotting from P16 optic nerve
samples (Fig. 2C). CHOP runs as a doublet, which may reflect
phosphorylation (Wang and Ron, 1996; Zinszner et al., 1998).
Steady-state protein levels are sixfold to ninefold above littermate
controls in the individual transgene lines and can be further in-
creased to 12-fold over wild-type in compound heterozygous
mice from lines 6A and 6B. These steady-state expression levels
exceed CHOP expression in rsh mice by at least threefold (South-
wood et al., 2002).

Although we observe a sixfold higher steady-state mRNA level
in CchopG4 compared with wild type, steady-state protein in
these mice is ninefold above wild-type (compare fold increases
over wild-type for mRNA vs protein in Fig. 2 B, C). This apparent
increase in translation efficiency for CchopG-derived Chop
mRNA likely stems from two additive effects: (1) deletion of
negative RNA regulatory sequences in the transgene that have
been identified in the endogenous Chop gene, such as the up-
stream ORF in the 5" UTR (Jousse et al., 2001); and (2) high
transgene-derived mRNA stability (we have previously shown
that the human B-globin 3’ untranslated region using in our
transgene confers significant transcript stability) (Gow et al.,
1992).

A broad morphometric analysis of four brain regions using
immunofluorescence microscopy to examine oligodendrocytes
in P16 mice indicates that essentially all of these cells express the
Chop transgene (Fig. 2D). Cryostat sections from three mice per
transgenic line were surveyed and at least 100 CNP * oligoden-
drocytes from each animal in each anatomical region were
counted (mean = SEM, n = 3). In all transgenic animals, >85%
of oligodendrocytes express CHOP and localize this protein to
the nucleus. Further, we obtained similar data from the brains of
6-month-old transgenic mice and from spinal cords of P2 mice
(data not shown). In contrast, no oligodendrocytes from wild-
type littermate controls and only 50% of these cells in age-
matched rsh mice express the endogenous Chop gene. Thus,
transgene expression follows the predicted expression pattern for
the Cnp gene during development and in adulthood.

Finally, to ensure that the ORF of transgene-derived CHOP
protein did not harbor missense mutations or indels that might
give rise to loss- or gain-of-function phenotypes, we used PCR to
amplify genomic DNA from the tails of transgenic mice and con-
trols for direct sequencing. Agarose gel electrophoresis shows a
single PCR product of expected size (0.93 kb) only from trans-
genic mice (Fig. 3A), which indicates that the amplification prim-
ers are specific for the transgene. Comparison of the PCR product
sequences to the reference mouse genomic sequence (GRCm38/
mm10) using the BLAT algorithm in the UCSC browser (Kent et
al., 2002; Kent, 2002) reveals no mutations in the ORF of the
transgene (Fig. 3B).

Transgene-derived CHOP is localized to glial cell nuclei

Using confocal microscopy, we examined vibratome sections
from P16 transgenic mouse brain at high magnification to
determine the subcellular localization of CHOP expressed in
oligodendrocytes (Fig. 4A). In wild-type littermates, PLP1 ™
myelinated axons and oligodendrocyte cell bodies (Fig. 4Aa,
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cDNA YourSeq

ATGGCAGCTG AGTCCCTGCC TTTCACCTTG GAGACGGTGT CCAGCTGGGA 50
GCTGGAAGCC TGGTATGAGG ATCTGCAGGA GGTCCTGTCC TCAGATGAAA 100
TTGGGGGCAC CTATATCTCA TCCCCAGGAA ACGAAGAGGA AGAATCAAAA 150
ACCTTCACTA CTCTTGACCC TGCGTCCCTA GCTTGGCTGA CAGAGGAGCC 200
AGGGCCAACA GAGGTCACAC GCACATCCCA AAGCCCTCGC TCTCCAGATT 250
CCAGTCAGAG TTCTATGGCC CAGGAGGAAG AGGAGGAAGA GCAAGGAAGA 300
ACTAGGAAAC GGAAACAGAG TGGTCAGTGC CCAGCCCGGC CTGGGAAGCA 350
ACGCATGAAG GAGAAGGAGC AGGAGAACGA GCGGAAAGTG GCACAGCTAG 400
CTGAAGAGAA CGAGCGGCTC AAGCAGGAAA TCGAGCGCCT GACCAGGGAG 450
GTGGAGACCA CACGGCGGGC TCTGATCGAC CGCATGGTCA GCCTGCACCA 500
AGCATGA

Genomic chrlO :

taaattttaa attctacgtg ttagaaaagg gacaaggtca gctcaccgac 127295290
tgtggtgaat ggaatgtatg tcctttccag aacctggtcc acgtgcagtc 127295340
ATGGCAGCTG AGTCCCTGCC TTTCACCTTG GAGACGGTGT CCAGCTGGGA 127295390
GCTGGAAGCC TGGTATGAGG ATCTGCAGGA GGTCCTGTCC TCAGATGAAA 127295440
TTGGGGGCAC CTATATCTCA TCCCCAGGAA ACGAAGAGgt gagtgagaat 127295490
gctggtccta ggatgggcga gcagagtgat ggtgtgggtg cctatagccc 127295540
cagtgcttgt caagtatagg caagaggctc agttcatggc cagcctaagc 127295590
tagagtttga atgtagccta tacaagaccc tgtctcaaaa accaagcaaa 127295640
agtaaaaccc caggaaactg ggggtttgta tgcctctcct gaactaatta 127295690
atatctatct ccccttcttec atttccttaa agGAAGAATC AAAAACCTTC 127295740
ACTACTCTTG ACCCTGCGTC CCTAGCTTGG CTGACAGAGG AGCCAGGGCC 127295790
AACAGAGGTC ACACGCACAT CCCAAAGCCC TCGCTCTCCA GATTCCAGTC 127295840
AGAGTTCTAT GGCCCAGGAG GAAGAGGAGG AAGAGCAAGG AAGAACTAGG 127295890
AAACGGAAAC AGAGTGGTCA GTGCCCAGCC CGGCCTGGGA AGCAACGCAT 127295940
GAAGGAGAAG GAGCAGGAGA ACGAGCGGAA AGTGGCACAG CTAGCTGAAG 127295990
AGAACGAGCG GCTCAAGCAG GAAATCGAGC GCCTGACCAG GGAGGTGGAG 127296040
ACCACACGGC GGGCTCTGAT CGACCGCATG GTCAGCCTGC ACCAAGCATG 127296090
RAacagtgggc atcacctcct gtctgtctct ccggaagtgt acccagcacc 127296140
atcgcgccag cgccaagcat gtgaccctgc actgcactgc acatgctgag 127296190

Figure 3.  Confirmation of transgene-derived Chop cDNA sequence from transgenic mice. Transgene-specific primers were used to PCR amplify mouse Chap genomic DNA from tail biopsies of
transgenic mice. A, A product of the expected size is only generated from transgenic mice. B, The PCR-derived DNA sequence was compared with the mouse genome (GRCm38/mm10 genome
assembly) to confirm the correct ORF of the transgene.

arrowheads) are abundant in the superior colliculus (green  likely reflect the locations of individual Golgi stacks in the
labeling). The inset shows a single PLP1 " oligodendrocyte cell  cytoplasm, which have been shown using ultrastructural im-
body at higher magnification with a DAPI-labeled nucleus. = munohistochemistry to accumulate PLP1 on route to myelin
The green speckles over and around the nucleus of this cell ~ sheaths (Nussbaum and Roussel, 1983).
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PLP1 ™" oligodendrocytes are found at A
normal density in the superior colliculus
of transgenic mice, which are strongly la-
beled with anti-CHOP antibodies (Fig.
4AD, red). The inset clearly shows that
CHOP is present in the nucleus and not
the cytoplasm, which indicates that this
transcription factor is efficiently localized
after synthesis and likely bound to DNA.
In addition, PLP1 " Golgi stacks are abun-
dant in the cytoplasm in similar fashion to
the control, suggesting that this cell is
healthy and is performing normally to
myelinate surrounding axons. Indeed, the
density of myelinated fibers in this micro-
graph is comparable with the controls,
which confirms that oligodendrocyte
function is relatively normal in the mu-
tants. We obtain similar results in all three
transgenic lines. Accordingly, we con-
clude that strong expression and nuclear
localization of CHOP in oligodendrocytes
from mid-gestation through adulthood
are without detrimental effect on these
cells in vivo.

In addition to gray matter regions of
brain, we examined CHOP expression in
white matter tracts (Fig. 4B). In all three
transgenic lines, CHOP is expressed in
CNP ™" oligodendrocytes in P16 spinal
cord (Fig. 4Ba,b), brainstem (Fig. 4Bc,d),
and CNP * Schwann cells of the PNS (Fig.
4Be,f). Further, we observe CHOP in spi-
nal cords of P2 mice before there is sub-
stantial myelin membrane laid down (Fig.
4C). In each of these cases, CHOP is in-
variably and completely localized to glial
cell nuclei. These data not only reveal ap-
propriate processing and transport of
CHOP in glia, but they also demonstrate
that the nuclear morphology is that of

Superior Colliculus

(@)

P2 Ventral Cervical Spinal Cord

Figure 4.
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Sciatic Nerve Brainstem Spinal Cord o

CHOP expressionin PLP1 * myelinating glia in CNS and PNS of (chopG mice. A, Through-focus confocal image stacks

healthy cells indistinguishable from sur-
rounding CHOP ~ cells. In light of these
data, it is difficult to reconcile the widely
held belief in the UPR field that the mere
expression of CHOP in cells drives apo-
ptotic cell death. Rather, the death of cells
undergoing a UPR appears to be contin-
gent on additional factors.

from the superior colliculus of P16 wild-type (Aa) and CchopG4 (Ab) mice showing PLP1 ™ (green) oligodendrocyte cell bodies
(arrowheads) and myelin sheaths. Insets, High-magnification views of the cell bodies, which reveal individual PLP1 *-Golgi stacks
(green dots) and nuclear CHOP (red) in the transgenic mouse. B, PLP1 * oligodendrocytes and myelinin P16 spinal cord (Ba, b) and
brainstem (Bc, d) from CchapG4 sections and (NP ™ Schwann cells in sciatic nerve (Be, f). Essentially all myelinating glia (arrow-
heads) in the transgenic mice express CHOP and localize it to the nucleus. Nuclei are labeled with DAPI (blue). C,PLP1 ™ oligoden-
drocytes (arrowheads) are abundant in the ventral white matter tracts of P2 wild-type (Ca) and CchapG4 (Cb) mice. Nuclear CHOP
is observed in occasional oligodendrocyte nuclei from wild-type and all oligodendrocytes from (chopG4 mice. Fewer PLP1 "
oligodendrocytes are observed in rsh (Cc) and CchopG4:rsh (Cd) sections, but the CHOP labeling is similar to the cognate nontrans-
genic mice. In contrast, virtually all of the Schwann cells in the transgenic rsh mice express CHOP (arrow). Scale bars: Ab, 20 or 5

um; Bf, 30 um; Cd, 80 or 20 um.

Constitutive CHOP does not increase

levels of oligodendrocyte death or

shorten life span

Although robust and constitutive expression of CHOP in oligo-
dendrocytes and Schwann cells from transgenic mice does not
cause widespread cell death, we cannot exclude the possibility
that apoptosis of these cells might require activation of the UPR
to be sensitized to apoptotic pathways as suggested by other stud-
ies (Chikka et al., 2013; Fribley et al., 2015). To test this possibil-
ity, we bred the three independent lines of CchopG mice to Plpl1
mutant rsh and msd mice. Morphometric analysis of cervical spi-
nal cord at P16 in these mice (Fig. 5A), which corresponds to a
developmental period of significant apoptosis in rsh mice (Gow

et al., 1998; Sharma and Gow, 2007), shows that the number of
cells labeled with antibodies against activated caspase 3 is compa-
rable in rsh and CchopG:rsh mice. The levels of apoptosis in wild-
type and CchopG controls are also similar, although significantly
lower than for the PlpI mutants. To determine whether increas-
ing the transgene expression level might induce cell death in wild-
type oligodendrocytes, we generated compound heterozygous
transgenic mice from lines CchopG6A and CchopG6B. Again, ap-
optosis was indistinguishable from controls and, accordingly, we
can rule out the possibility that constitutive CHOP expression
predisposes cells to death. Morphometry yielded similar results
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Figure5.  Oligodendrocyte apoptosis, progenitor cell proliferation, and the lifespan of (chapG mice

are unaffected by transgene expression. 4, The numbers of caspase 3 ™ cells in transverse sections of
P16 wild-type cervical spinal cord (mean == SEM, n = 3) are low and are unchanged in three inde-
pendent transgenic lines as well as in age-matched compound heterozygotes derived by breeding
(chapG6A and 6B mice (64/6B). Caspase 3 ™ cells are elevated in rsh mice compared with the litter-
mate controls, but there are no major changes over rsh caused by CHOP overexpression in the (chapG:
rshlines. Moreover, there are no statistically significant differences between rsh versus CchopG:rsh or
WT versus CchopG for any of the transgenic lines (two-way ANOVA, p > 0.05). B, The size of the
proliferative cell population is considerable in P16 in wild-type cervical spinal cord as revealed by
BrdU ™ cells. Most of these cells are from the oligodendrocyte lineage during myelinogenesis in the
CNS. Similar to A, CHOP expression has little effect on the size of this proliferative population in any of
the transgenic lines. There are no statistically significant differences between rsh versus CchapG:rsh or
WTversus CchopG for any of the transgenic lines (two-way ANOVA, p > 0.05). €, Kaplan—Meier plots
show thatlifespan s not statistically altered by expression of the transgene in CchopG4 mice (x %, p =
1); indeed, these mice live at least 1.5 years (data not shown). The lifespan of rsh mice (n = 13)
appears shortened to some extent (left) but is not statistically different in the presence of the trans-
gene (%, p = 0.38). The severe phenotype of msd (right) is markedly more severe than rsh, and these
Plp7 mutants have a shortened life span of 25-30d (n = 14). However, the presence of the (chopG4
transgene has negligible effect on longevity (x % p = 0.99). (4, (chapG4; OLs, oligodendrocytes.
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when TUNEL was used to identify apoptotic cells (data not
shown).

In addition to measuring levels of apoptosis in cervical spinal
cords of CchopG transgenic mice that harbor wild-type or rsh
alleles of the PlpI gene, we examined the levels of proliferating
cells. In earlier studies, the proliferative oligodendrocyte precur-
sor pool in Plp1 mutant jimpy mice (Vermeesch et al., 1990) and
msd mice (A.G., unpublished data) was found to be twofold to
threefold larger than that of wild-type mice. These data were
interpreted to suggest that the length of the cell cycle was de-
creased for these cells in response to mutant Plpl expression;
however, a more likely explanation is that increased apoptosis
levels of mature oligodendrocytes in the mutants are compen-
sated by greater proliferation rates of the progenitors (Gow et al.,
1998). Accordingly, we measured BrdU incorporation in spinal
cords of transgenic mice from the current study to determine
whether cell proliferation in CNS is normal (Fig. 5B). The data
show that the number of BrdU-labeled cells in cervical spinal
cord of P16 wild-type mice is indistinguishable from all of the
CchopG lines, which indicates that there are unlikely to be abnor-
mal levels of oligodendrocyte cell death associated with constitu-
tive CHOP expression under homeostatic (WT vs CchopG) or
UPR (rsh vs CchopG:rsh) conditions.

In addition to morphometric analyses, we also examined the
survival of CchopG4:rsh and CchopG4:msd double-mutant mice.
Cohorts of male mice were housed up to 120 d after birth in
standard breeder cages to generate Kaplan—Meier plots and de-
termine whether Chop transgene expression exacerbated the se-
verity of disease caused by mutant PlpI gene expression (Fig. 5C).
In both the rsh and msd colonies, we found no instances of death
for wild-type mice or CchopG4 single mutants. Similar numbers
of rsh and CchopG4:rsh mice died at various ages during these
experiments, and all msd and CchopG4:msd mice died between 20
and 30 d of age, which is typical for this severe form of disease.
Together, these data demonstrate that constitutive CHOP ex-
pression in myelinating cells increases neither apoptosis nor pro-
genitor proliferation at the single-cell level, and does not alter
disease prognosis associated with Plp] mutations at the level of
the organism.

Normal immune cell responses in mutant mice expressing the
CchopG transgene

In lieu of a major degenerative phenotype associated with consti-
tutive expression of CHOP in myelinating cells, we focused in on
more subtle cell-mediated responses in the CNS, such as the in-
teraction of immune cells with oligodendrocytes expressing
CHOP under normal development and UPR conditions. To do
this, we examined activation of microglial cells, which are exqui-
sitely sensitive to local cellular pathology and serve a variety of
functions, including the removal of cell debris and chemokine-
mediated recruitment of other immune cells to sites of damage or
infection (for review, see Kettenmann et al., 2011).

Microglia exhibit a stereotypic morphology in the resting
state characterized by small cell body size, scant cytoplasm,
and long fine spiny processes. This morphology abruptly
changes upon activation to one of cell body enlargement,
abundant cytoplasm, short thickened processes, and induc-
tion of activation markers, such as the lysosomal protein,
CD68. Resting microglia occupy 3D nonoverlapping domains
in the parenchyma at ~10,600 * 1785 cells per mm? (10 cells
per 20X field; Fig. 6A), and this density is unchanged in the
three independent Chop transgenic lines. These data are some-
what higher than published estimates from 2 month spinal
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Figure 6.  Normal immune surveillance in spinal cord myelinated tracts from CchopG trans-
genic mice. Morphometric analyses of microglial number and activation status in dorsal, lateral,
and ventral funiculi at the level of the cervical spinal cord. The characteristics of microglia in all
three lines of CchopG and CchopG:rsh mice were measured, in terms of cell density (4), area of
the cell body (B), and the proportion of microglia expressing the lysosomal activation marker
(D68 (C). All three parameters were found to be indistinguishable from littermate wild-type
and rsh mice, respectively.

cord (5950 = 1300) (Kondo and Duncan, 2009), which may
reflect mouse strain differences.

Microglial cell density increases approximately fivefold in rsh
mice, by a combination of migration from surrounding gray mat-
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ter regions, cell division, and extravasation. Expression of the
Chop transgene does not alter the magnitude of this increase. In
addition, rsh microglia exhibit an increase in the area of the cell
body compared with controls, which is similar in the presence or
absence of the transgene (Fig. 6B). Finally, cell body changes in
rsh are accompanied by an increase in the proportion of microglia
that express CD68, from ~40% to >90%, which is indistinguish-
able from that of CchopG:rsh littermates (Fig. 6C). Together,
these data indicate that constitutive expression of the CchopG
transgene in otherwise wild-type oligodendrocytes does not con-
fer detectable cellular pathology from the perspective of immune
surveillance by microglia. Moreover, for microglia that detect
cellular pathology in rsh mice and become activated, transgene
expression in oligodendrocytes does not blunt or exacerbate this
response.

Constitutive CHOP does not alter expression of UPR-,
apoptosis-, or myelin-associated genes

To identify subtle phenotypes at the molecular level, we exam-
ined the transgenic mice for changes in gene expression profiles
in several pathways relevant to metabolic stress and the UPR: the
PERK pathway, ERAD, apoptosis, and myelinogenesis. Quanti-
tative TagMan PCR analyses were performed in cervical spinal
cord from P16 mice and normalized to the wild-type expression
level for each gene. No differences are detected between the lit-
termate controls and CchopG transgenic mice or between rsh and
CchopG:rsh mice in any of the three lines for PERK pathway genes
tested, except for the specific example of Chop mRNA expression
in transgenic mice (Fig. 7A). These data are consistent with pre-
vious in vitro studies in MEFs overexpressing CHOP (Han et al.,
2013) and our current data in SCC23-1E1 cells (Fig. 1), and dem-
onstrate that expression of this transcription factor alone is not
sufficient to induce UPR gene expression.

In this case, Chop expression in CchopG and CchopG:rsh mice
exceeds that of wild-type and rsh mice, respectively, as expected
(Fig. 2). Notably, Chop expression in the double-mutants falls
short of the simple summation of endogenous Chop’ (i.e., from
rsh mice) and transgene expression (i.e., from CchopG mice).
This occurs because the activity of promoter/enhancers for most
myelin genes (CchopG expression is driven by the Cnp promoter/
enhancer; Fig. 2A) is decreased by ~50% compared with controls
(Fig. 7D). Thus, Chop expression levels in CchopG:rsh mice ap-
proximate the summation of Chop' (from rsh) and half of the
CchopG expression.

As anticipated from previous studies (Gow et al., 1998; South-
wood and Gow, 2001; Southwood et al., 2002), expression of
most Ire/ERAD- and apoptosis-related genes (Fig. 7A-C) is in-
duced in rsh mice compared with controls, which reflects the
pathophysiology of unbridled protein misfolding in these mice
(Gow et al., 1994; Gow and Lazzarini, 1996). We do not observe
significant differences in the expression profiles of these genes
between rsh mice and CchopG:rsh mice, which suggests that the
UPR operates maximally upon induction and is neither abetted
nor hindered by the presence of (preexisting) supernormal levels
of CHOP. Importantly, we find no evidence that constitutive
CHOP expression sensitizes oligodendrocytes to proapoptotic
pathways, as has been proposed in widely acknowledged models,
which define CHOP as a proapoptotic protein (Rutkowski et al.,
2006; Ron and Walter, 2007).

With respect to CNS myelinogenesis, we do not detect
changes in the expression profiles of myelin structural genes in
wild-type versus CchopG mice during development at a time
when the rate of myelinogenesis is near its P21-P28 peak in brain
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expression. In sciatic nerve, CHOP expression is undetectable in wild-type and rsh controls and is markedly higher in the (4 line than the other two transgenic lines.

(Fig. 7D). As expected, expression of myelin genes in rsh mice is
decreased approximately twofold (Mitchell et al., 1992), and this
phenotype is not altered by constitutive CHOP expression. To-
gether, these data demonstrate that CHOP is a relatively neutral
transcription factor under homeostatic conditions and that ex-
cess CHOP does not modify the overall activity of the UPR under
metabolic stress conditions.

Normal expression of myelin structural proteins in the CNS
and PNS of CchopG transgenic mice

To confirm the TagMan data for myelin gene expression in Fig-
ure 7 and extend this analysis into the PNS, we performed West-
ern blotting for several structural proteins in spinal cord and
sciatic nerve at P16, as well as in spinal cord at P90. Figure 8A
shows that steady-state levels of transgene-derived CHOP are
similar between the three independent lines during development
and increase in adulthood as the density of oligodendrocytes in
the tissue increases. In the PNS, CchopG4 expression far exceeds
that of the other lines. In addition, we observe a higher molecular
weight species interacting with anti-CHOP antibody that is
unique to the PNS (Fig. 8B). The origin of this band is unclear but
may reflect post-translational modification associated with the
high expression level. Despite supernormal levels of CHOP, we
do not observe major changes in the levels of several myelin pro-
teins, including PLP1, DM20, MBP, CNP, and myelin protein
zero, indicating that major effects of transgene expression are
absent in these mice.

Normal myelin ultrastructure in CchopG optic nerves

In view of the normalcy in levels of cell death, cell proliferation,
and gene expression between wild-type and CchopG transgenic
littermates, we examined myelin ultrastructure in optic nerves to
determine whether subtle morphological changes might be asso-
ciated with CHOP overexpression. Transverse sections of optic
nerve midway between the retina and the chiasm from 4 month
CchopG6B mice demonstrate that virtually all axons are myelin-
ated. In micrograph surveys, we find no evidence of degenerating
fibers or other markers of pathology, such as the presence of
prominent intermediate filament-laden astrocyte processes. Fur-
ther, the ultrastructure, orientation, and density of mitochon-
dria, microtubules, and neurofilaments appears normal (Fig.

9A,B). Quantitative aspects of optic nerve ultrastructure for all
three transgene lines, including plots for g-ratio, myelin thick-
ness, and axon diameters (Fig. 9C—E), are indistinguishable from
controls, indicating that we observe minimal changes in the pres-
ence of nuclear CHOP in oligodendrocytes. Accordingly, we con-
clude that myelin ultrastructure in transgenic mice is not
perturbed.

Minimal impact of CchopG expression on motor
coordination or sensory input in rsh mice

In the absence of changes in disease severity, apoptosis, immune
surveillance, or gene expression profiles associated with constitu-
tive CHOP expression in oligodendrocytes from CchopG or
CchopG:rsh mice, we examined all three transgenic lines for sys-
tems changes that affect motor coordination and sensory input.
We have previously demonstrated the utility of these approaches
for identifying behavioral changes in mouse mutants that are not
readily detected by other types of analysis (Gow et al., 1999;
Stecca et al., 2000; Southwood et al., 2004).

In Figure 10A, CchopG4:rsh double-mutant male mice and
littermate controls were assessed using a standard rotarod analy-
sis between 1 and 12 months of age. Wild-type and CchopG4
transgenic mice perform well in this paradigm, and their levels of
performance are indistinguishable using a two-way ANOVA for
genotype and age with Tukey post hoc testing (p > 0.98). The rsh
and CchopG4:rsh mutants perform rather poorly in this test com-
pared with controls, particularly at young ages (p = 0.04), but are
indistinguishable from each other at all ages (p > 0.88). By 12
months, performance of the control groups has declined suffi-
ciently so that no statistical differences are apparent between any
of the genotypes (p > 0.13).

To determine whether sensory systems might be perturbed by
constitutive CHOP expression in myelinating cells, we measured
ABRs to pure tone pips at several frequencies in adult CchopG
mice. An example of ABR recordings is shown for CchopG6A
mice and littermate controls in Figure 10B. A sound intensity
series from 80 to 20 dB SPL shows the characteristic 5 wave
(Waves 1-V), stimulus-locked electroencephalogram response,
with amplitude decreasing and latency increasing as functions of
stimulus intensity. The threshold of hearing is apparent at 20 dB
SPL for both genotypes by the flat response.
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Normal myelin ultrastructure in optic nerves of (chopG mice. Transverse sections of optic nerve from (chopG6B mice (A) and littermate controls (B) are indistinguishable at the
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Interpeak latencies for the major ABR Waves (i.e., I, III, and
V) are summarized in Figure 10C as a functional measure of the
auditory pathway in these mice. The V-I interpeak latency is
commonly used as a proxy for comparative overall conduction
velocity along myelinated fibers in the auditory pathway from the
cochlea to the auditory cortex. Conduction velocity through the
peripheral portion of the pathway, which includes Schwann cell
myelinated spiral ganglion neurons and oligodendrocyte myelin-
ated eighth cranial nerve axons from the cochlea to the cochlea
nucleus is estimated from Waves III-1. The central portion of the
pathway comprises oligodendrocyte myelination from the co-
chlear nucleus to the cortex and is estimated from Waves V-III.
We find no differences for these measures between CchopG mice
and controls in all three lines, indicating that the function of
myelinating cells in the transgenic mice is largely normal. Esti-
mating conduction velocities from mice that harbor the rsh
mutation is not possible using the current approach because the
latter Waves IV and V are often ill defined or absent; thus,
the total and central components of the pathway cannot be
interrogated.

Discussion

One of the most enduring conundrums in the UPR literature
revolves around an almost universal acceptance that activation of
this signaling pathway is cell protective (the adaptive response)

and yet is also directly responsible for initiating apoptosis
through expression of the transcription factor CHOP, the
maladaptive response. The conundrum arises because CHOP ex-
pression is an obligatory step in the PERK pathway. CHOP is
necessary to induce the expression of target genes that enable cells
in a UPR to return to homeostasis and resume normal metabolic
function (specifically global protein synthesis). Thus, the ques-
tion arises: how can an obligatory step simultaneously fulfill pro-
survival and proapoptotic functions?

Widely accepted models of PERK pathway activation propose
that CHOP is unstable when expressed at low levels during mild
metabolic stress (Rutkowski et al., 2006; Ron and Walter, 2007).
However, we have not detected such instability under conditions
of mild versus severe levels of metabolic stress in oligodendro-
cytes from rsh and msd mice. Disease in rsh mice is associated with
far less apoptosis than in msd mice, and yet we discern no differ-
ences in the time course of UPR induction during development
or the extent to which UPR genes are induced (Gow et al., 1998;
Southwood and Gow, 2001; Southwood et al., 2002; Sharma and
Gow, 2007; Sharma et al., 2007). Indeed, our previous transcrip-
tomics analysis reveals only subtle differences between mild and
severe UPR disease, most probably linked to the number of cells
undergoing metabolic stress rather than differences in the stress
response itself (Southwood et al., 2013).
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Other studies in oligodendrocytes are
consistent with our findings (Lin et al.,
2013). Further, the presence or absence of
CHOP in Schwann cells undergoing a
UPR does not determine cell survival
(Pennuto et al., 2008; Gow and Wrabetz,
2009; Saporta et al., 2012). Perhaps a sim-
ple resolution to the conundrum is that
the currently accepted UPR models
involving proapoptotic CHOP require
modification to more closely encompass
all observations. In this regard, we have
directly tackled the issue by constitutively
overexpressing CHOP in myelinating
cells of transgenic mice to determine
whether this transcription factor induces
apoptosis under normal physiological
conditions or whether it predisposes cells,
undergoing a UPR, to death.

In plain terms, we are unable to detect
significant changes in mouse behavior,
performance, cell survival, and function
using a range of tests and systems ap-
proaches to examine mice overexpressing
CHOP in myelinating cells. These re-
markable findings indicate that constitu-
tive expression and localization of CHOP
to the nucleus in essentially all oligoden-
drocytes and Schwann cells are without
significant or persistent consequence dur-
ing normal development or in adulthood.
Moreover, we do not detect changes, ei-
ther positive or negative, in CchopG:
rsh oligodendrocytes undergoing a UPR
caused by the expression of mutant PlpI
gene products. We interpret these data to
signify that CHOP plays little or no role in
either promoting proapoptotic signals in
vivo or sensitizing myelinating cells to ap-
optosis through a unilateral expression
level-dependent mechanism. In contrast,
such a mechanism has been demonstrated
for cancer cells (Fribley et al., 2015).

Our data are consistent with a model
in which the transcriptional activity of
CHOP is low (but non-negligible; Fig.
1C,D) (Southwood et al., 2002) under
homeostatic conditions and maximal
from endogenous gene expression (i.e.,
saturated) under UPR conditions. Thus,
constitutive CHOP expression has no
discernible effects in normal cells, and
there are few additive (i.e., constitutive
+ inducible CHOP) effects during a
UPR. MEFs grown in culture and
subjected to UPR conditions during
constitutive CHOP expression behave
similarly (Han et al., 2013). Nonethe-
less, we might expect that CchopG:rsh

oligodendrocytes in the early stages of UPR induction (i.e., at
the level of ATF4 target gene expression) would proceed more
rapidly through the PERK pathway because of the constitutive
availability of CHOP for driving expression of target genes,
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Figure 10.  Functional motor and sensory pathway analyses show no detrimental effects of CHOP overexpression in
oligodendrocytes. A, Longitudinal rotarod analyses of three independent transgenic lines: CchopG4 (a), CchopG6A (b), and
(chopG6B (c). Aa, Two-way ANOVA of the CchopG4 transgenic line between 1 and 12 months of age shows overall
statistically significant differences for genotype (p << 0.0001) and age (p = 0.0003) with no overall interaction between
these parameters (p = 0.055). Tukey post hoc tests corrected for multiple comparisons reveal that the performance of the
control groups [wild-type (WT) and CchopG4 (C4)] are indistinguishable at every age (p > 0.98). Similarly, the rsh and
CchopG4:rsh (C4:rsh) groups are indistinguishable from each other atall ages (p > 0.88). Tukey post hoc tests for WT versus
rsh or (4 versus (4:rsh reveal statistical differences between 1and 6 months of age (p =< 0.02 or p = 0.04, respectively).
In contrast, there are no differences between any of the genotypes at 12 months (p > 0.13). Number of male mice per
genotype in all rotarod cohorts was = 8, except for (4 2 month data in Aa (n = 5-8). Data are mean = SEM. B, ABRs to
16 kHz pure tone pips from wild-type and CchopG6A mice are comparable both in terms of the threshold of hearing at ~20
dB SPL and the amplitudes of Waves I-V. (, Interpeak latencies for the overall auditory pathway from the cochlea to the
inferior colliculus (Waves V-1), the peripheral component of the pathway (Waves I1I-1), and the central component (Waves
V-IIl) are comparable between three independent lines of CchopG transgenic mice and littermate controls.

such as Gadd34. This would likely lead to premature dephos-
phorylation of phospho-elF2a and the reinitiation of protein
synthesis before the ERAD-mediated clearance of misfolded
proteins from the endoplasmic reticulum. Oligodendrocytes
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Further, the more rapid or severe the accumulation of mutant proteins, the more frequently the cell activates the UPR and the
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This model is not reliant on assump-
tions that CHOP expression is a rate-
limiting step in the PERK pathway or that
stability of the protein determines cell
fate. Rather, this burden is shifted do-
wnstream to the dephosphorylation of
phospho-elF2a by the GADD34/protein
phosphatase I complex, which provides
cells with an opportunity to restore
homeostasis. We posit that a failure to
achieve homeostasis leads to cell death via
any of its defined forms (Kroemer et al.,
2009), probably in a context-dependent
and cell type-specific manner.

Akey concept for our simplified model
is that of a UPR cycle, which can repeat
indefinitely over time (Fig. 11). Thus, at
the level of the cell, an accumulating mu-
tant protein(s) induces a UPR and is de-
graded to allow exit from the UPR, but
may subsequently accumulate again to
induce another UPR cycle. Figure 2D
demonstrates that ~50% of myelinating
oligodendrocytes from P16 rsh mice ex-
press CHOP and are in the midst ofa UPR
cycle. We interpret these data as a measure
of steady state; thus, half of the oligoden-
drocyte population is undergoing a UPR
and is transiting the PERK pathway,
whereas the remaining cells are synthesiz-
ing myelin components, including mu-
tant PLP1, and will subsequently enter
or reenter a UPR cycle. This interpreta-
tion implies that oligodendrocytes spend
~50% of their time in UPR cycles, which

greater the cumulative risk for apoptosis.

would more easily and more rapidly enter a new UPR cycle as
they began to synthesize mutant PLP1.

If so, oligodendrocytes from CchopG:rsh mice should spend a
greater proportion of time undergoing a UPR compared with rsh
mice, which would increase steady-state expression of PERK
pathway genes, such as A#f3 and Gadd34. However, we do not
observe this effect from our expression data in Figure 7A, which
suggests that constitutive CHOP does not hasten UPR progres-
sion. Thus, although CHOP is an obligatory step for completing a
cycle of PERK activation, this transcription factor is presumably
dependent on induction of additional genes and, therefore, is
unlikely to be a rate-limiting or significant regulatory step in the
PERK pathway. Such characteristics may limit the importance of
CHOP as a target for disease modifying therapies, at least in glial
cells.

Rethinking the role of PERK pathway activation in cell fate

As extensive as our data may be in this study, we cannot preclude
the possibility that myelinating cells exhibit cell-specific meta-
bolic activities that protect them from the proapoptotic role for
CHOP observed in other cell types. Additional studies may re-
solve this possibility by defining whether a proapoptotic or pro-
tective activity is the archetypal function of CHOP. In the
interim, our data afford an opportunity to posit a simplified
model of the survival-death fate of cells undergoing a UPR.

is largely determined by their metabolic

activity. Thus, an escalation in the propor-

tion of cells undergoing a UPR might re-
flect increased metabolism, with higher rates of protein synthesis
causing individual cells to spend more time in UPR cycles. Con-
versely, reducing metabolic rate should reduce the proportion of
the cell population in the UPR.

To account for UPR outcomes that are commonly attrib-
uted to CHOP proapoptotic activity, we propose that cells
undergoing metabolic stress, such as oligodendrocytes in rsh
mice, are in the midst of an indefinite succession of UPR
cycles, and that the primary determinant of cell survival/death
in each cycle is governed by stochastic vulnerability as global
protein synthesis resumes. Calcium release from endoplasmic
reticulum stores, ATP depletion, and generation of reactive
oxygen species are examples of transient stochastic processes
that could limit the capacity for cell revitalization and cause
autonomous cell death via any of several known mechanisms
(e.g., apoptosis, necroptosis). Alternatively, the presence of
growth factors in the local milieu, such as during develop-
ment, might increase metabolic demands via receptor-
mediated signaling cascades, which would render vulnerable
those cells emerging from a UPR cycle and lead to nonauto-
nomous cell death. Such a circumstance might be considered
paradoxical because growth factors are typically considered to
improve cell viability.

In conclusion, from the view of our current and previous studies
as well as those of other groups, our premise is that CHOP is a
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prosurvival protein representing the final regulatory step in a tran-
scription-based protective time-delay circuit. CHOP is an important
biomarker of the PERK pathway but is unlikely to be either rate-
limiting or a major driver of pathway progression. Rather, CHOP
enables the completion of each PERK activation cycle enabling cells
to reengage global protein synthesis and restore normal function.
Consistent with this conclusion, there is little direct evidence that
CHOP induces prodeath signals in myelinating cells or several other
cell types during the UPR (Batchvarova et al., 1995; Southwood et al.,
2002; Tsang et al., 2007; Saporta et al., 2012; Han et al., 2013; Lin et
al., 2013).
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