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Abstract

The murine double-stranded RNA-binding protein RAX and the human homolog PACT were
originally characterized as activators of protein kinase R (PKR). Mice deficient in RAX show
reproductive and developmental defects, including reduced body size, craniofacial defects and
anterior pituitary hypoplasia. As these defects are not observed in PKR-deficient mice, the
phenotype has been attributed to PKR-independent activities of RAX. Here we further
investigated the involvement of PKR in the physiological function of RAX, by generating rax™/~
mice deficient in PKR, or carrying a kinase-inactive mutant of PKR (K271R) or an
unphosphorylatable mutant of the PKR substrate elF2a (S51A). Ablating PKR expression rescued
the developmental and reproductive deficiencies in rax™~ mice. Generating rax’~ mice with a
kinase-inactive mutant of PKR resulted in similar rescue, confirming that the rax™/~ defects are
PKR dependent; specifically that the kinase activity of PKR was required for these defects.
Moreover, generating rax™'~ mice that were heterozygous for an unphosphorylatable mutant elF2a
provides partial rescue of the rax™/~ defect, consistent with mutation of one copy of the Eif2s1
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gene. These observations were further investigated in vitro by reducing RAX expression in
anterior pituitary cells, resulting in increased PKR activity and induction of the PKR-regulated
cyclin-dependent kinase inhibitor p21WAFL/CIP1 These results demonstrate that PKR kinase
activity is required for onset of the rax™~ phenotype, implying an unexpected function for RAX as
a negative regulator of PKR in the context of postnatal anterior pituitary tissue, and identify a
critical role for the regulation of PKR activity for normal development.
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Introduction

The Prkra gene encodes a double-stranded RNA-binding protein, identified and named
independently as protein activator of the double-stranded RNA-dependent protein kinase
(PKR) (PACT) in human [1], and PKR-associated protein X (RAX) in mouse [2]. Several
key functions of PACT/RAX have been reported in addition to its role in PKR regulation,
including a role in the production of small RNAs involved in RNA silencing [3-6], and in
the innate immune response through modulating the activities of the retinoic acid inducible
gene | [7]. Mutations in Prkra are also associated with Dyt16, a young-onset dystonia-
parkinsonism disorder [8, 9], and more recently demonstrated with pure dystonia [10]. Early
studies of this protein were focused on its ability to activate PKR in response to various
stresses [2, 11-18]. Upon stress, PACT/RAX is phosphorylated, leading to interaction with
and subsequent activation of PKR [19-23]. Activation of PKR promotes cell signal
transduction [24, 25.] and results in inhibition of protein translation [26—28], which if
sustained induces cell cycle arrest [29-31] and apoptosis [32, 33]. Although the function of
PACT/RAX as an activator of PKR and retinoic acid inducible gene I, and its role in small
RNA biogenesis have been previously described, its involvement in dystonia-parkinsonism
and the overall physiological function of the protein are less clear.

Defects resulting from disruption of the rax gene in mice (Prkrat™GsC, rax~/-) demonstrated
the involvement of the protein in craniofacial and ear development, growth and fertility [34].
These phenotypes were duplicated in an ethylnitrosyl urea mutagenesis screen that generated
a mutation (S130P) in the rax gene (Prkra'®P), confirming the role of RAX in development
[35]. Further investigation revealed that RAX-deficient mice developed hypoplastic anterior
pituitaries resulting from reduced postnatal proliferation, and that all five hormone-
producing lineages of the anterior pituitary are affected [36]. These anterior pituitary cells
secrete hormones required for growth and sexual development; as such, their reduced
proliferation and subsequent reduction in hormone levels has been assumed to be the cause
of the developmental and reproductive anomalies observed in RAX-deficient mice [36].

In contrast to the rax™/~ animal, two independent lines of mice with disruptions in the PKR
gene (Eif2ak2tMlCwe and Eif2ak2tMLIche) have no overt developmental defects [37, 38],
implicating RAX in physiological functions independent of PKR. Given the pituitary
proliferation defect, the well-established cell-cycle and proliferation effects of PKR and the
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biochemical interaction between PACT/RAX and PKR, we sought to further investigate the
role of PKR in the physiological function of RAX and its role in postnatal anterior pituitary
proliferation by generating rax™/~ animals that were also mutant for PKR and its substrate
elF2a. We also sought to develop a tractable cell culture model to test the role of RAX in
anterior pituitary hypoplasia.

Results and Discussion

Eliminating PKR or PKR kinase activity rescues the developmental and reproductive
deficiencies and anterior pituitary hypoplasia observed in rax™~ mice

To investigate the role of PKR in the RAX-deficient mouse phenotype, rax~~pkr =~ mice
were generated. Moreover, to specifically assess the contribution of PKR kinase activity to
the phenotype of rax™~ mice, PKR was replaced with the kinase-inactive K271R mutant
(pkrR/R) [39-41] in rax™/~ mice. Remarkably, both transgenic lines of mice (rax”/"pkr '~ and
rax”~pkrR/R) developed normally, showing complete rescue of body length (nose to tail
base) (Figure 1A and C and Table 1) and ear size (helix to tragus) (Figure 1B and C and
Table 1). This rescue was also observed in rax™'~ mice that were heterozygous for pkr
(rax”~pkr*/7) and for the kinase-inactive mutant (rax/~pkrk/R). Importantly, combined data
from a wide age range of mice of both sexes shown in Figure 1 is convincing and rescue was
as pronounced when analysis was restricted to specific ages and/or sexes of mice. The
profound fertility defects seen in rax™’~ mice were also wholly rescued, as litter sizes and
intervals between consecutive litters for dams from rax™/~pkr~~ and rax™~pkrR®R lines were
equivalent to those seen for the pkr~~ and pkr®R mice (Figure 1, D and E) and were
statistically indistinguishable from those reported for the C57BI/6 genetic background upon
which the RAX and PKR mutations were introduced [42, 43]. Furthermore, rax™/~pkr*/~,
rax”~pkr~/~, rax”/~pkrK/Rand rax~/~pkrRR mice were born in the expected Mendelian
frequencies from heterozygous intercrosses, and rax/"pkr '~ and rax™~pkrRR intercrosses
produced viable offspring that were used to continuously maintain these lines.

We extended these transgenic mouse results by investigating the requirement for
phosphorylation of the most well studied substrate of PKR, the a subunit of eukaryotic
initiation factor 2 (elF2c). To this end, we generated rax™~ mice that also carried an
unphosphorylatable mutant of elF2a, S51A. As this mutation causes early neonatal lethality,
mutant elF2a animals must be maintained as heterozygotes [44], therefore only a partial
removal of elF2a phosphorylation is attainable. RAX-deficient mice that are also
heterozygous for the S51A mutation (rax/~eif2aSA) show statistically significant
improvement of development as assessed by measures of body (Figure 1A and Table 1) and
ear length (Figure 1B and Table 1). These results demonstrate that consistent with a
requirement for PKR kinase activity, phosphorylation of elF2q is required for the rax™/~
developmental phenotypes. Interestingly, fertility was not restored in these mice, suggesting
either elF2a haplosufficiency, or that alternative PKR substrates are responsible for the
reproductive defects in rax/~ mice.

Many of the organism-level developmental defects observed in rax/~ mice have been
attributed to defective anterior pituitary development in these animals [36]. The anterior
pituitary undergoes rapid proliferation in neonatal mice, thereby expanding the cells that
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produce factors required for growth and reproduction (reviewed in [45]). To determine
whether rescue of the developmental defects seen in rax™/~pkr~~ and rax”~pkrRR mice
correlated with rescued pituitary development, the anterior pituitary in these mice was
analyzed. Macroscopic analysis of the pituitary revealed a smaller anterior pituitary in rax~/~
mice compared with pkr~~ or rax™"pkr '~ controls (Figure 2A). This was recapitulated with
subsequent histological analysis of pituitaries. Hematoxylin and eosin staining of pituitary
sections from rax™~ mice showed a reduced anterior pituitary and rescue of this defect in
rax”~pkr~/~ and rax”/~pkrRR mice (Figure 2B, quantified in Figure 2C). Consistent with
previous reports characterizing the RAX-deficient mouse phenotype, posterior pituitary size
was not affected by removal of RAX or PKR, and removal of PKR in a wild-type
background did not affect anterior pituitary phenotype [37, 38].

These compelling transgenic animal data do not correlate with the previously reported role
for RAX as an inducer of PKR activity established in vitro, and the correlated assumption
that the absence of a conspicuous developmental defect in pkr~/~ mice precludes its
involvement in the rax™~ developmental and reproductive defects. Rather, rescue of the
defects of the RAX-ablated animal by removing PKR expression or Kinase activity is
consistent with RAX functioning as a PKR inhibitor. Bearing this in mind, it is interesting to
compare the developmental phenotypes in rax™~ mice, and mice lacking the Protamine-1
(Prm-1) RNA-binding protein (PRBP, the mouse homolog of human TAR-RNA binding
protein 2 (TARBP2)), which inhibits PKR activation and shares a double-stranded RNA-
binding domain architecture with RAX. Notably, these mice (Tarbp2™ReP) do not
demonstrate the craniofacial and ear malformations that are present in rax”/~ mice, so the
phenotypes are not equivalent. Pituitary hypoplasia was not investigated; however, prbp™~
mice also have reductions in body size and reproductive defects [46]. Interestingly, the
reproductive defect in male prbp™~ mice was demonstrated to be due to a disruption of
spermatid differentiation that was attributed to PRBP-dependent control of translation. In
light of our data and the established role of PRBP as a PKR inhibitor, it would be interesting
to test involvement of PKR in the prbp™~ phenotype and to investigate anterior pituitary
development in these animals.

We note that another study has reported inhibition of PKR by PACT in the context of HIV
infection, although this study consisted of an in vitro infection model in cells overexpressing
PACT [47]. Here we describe for the first time evidence that endogenous RAX negatively
regulates PKR in the physiologically relevant context of mouse development. This predicts
inappropriate activation of PKR in the absence of RAX; however, our efforts to measure
PKR activity in the pituitary by measuring autophosphorylation of PKR itself or
phosphorylation of elF2a were inconclusive. As such transient and likely developmentally
dependent effects are difficult to capture in vivo, we sought to confirm this role of RAX in a
tractable pituitary cell model.

RAX knockdown in anterior pituitary cells results in a static cell cycle distribution

In order to directly investigate the underlying mechanism of our unexpected discovery in
rax”/"pkr~/~ mice, we sought to build on preliminary in vitro modeling of the RAX-deficient
phenotype by Peters et al. [36], who investigated the proliferation defect both in rax™~ mice
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invivo and by using small interfering RNA to knockdown RAX in vitro in the mouse
gonadotroph cell line LPT2 [48] and the rat somatolactotroph cell line GH3 [49]. Impaired
proliferation of each hormone-secreting cell-lineage has been seen in mouse anterior
pituitary [36]; therefore we focused on a single lineage using the mouse gonadotroph cell
lines aT3 [50] and LBT2 to investigate this observation in vitro. To investigate the function
of RAX in anterior pituitary proliferation, we refined previous approaches by using
lentivirus-delivered RAX short hairpin RNAs (ShRNAS) to allow selection of transduced
cells in the mouse pituitary cell lines. To establish this method, o T3 cells were infected with
a lentivirus expressing RAX shRNA (1199), which targets the 3’ untranslated region of
RAX, or a non-targeting control sShRNA lentivirus. Following puromycin selection for
shRNA expression, cells were plated in replicate wells then trypan blue stained and counted
every 24 h to determine the number of viable cells. Introduction of RAX (1199) shRNA
resulted in a reduction of a T3 cells compared to control cells over time (Figure 3A). This
initial experiment (and all subsequent proliferation experiments) was repeated using the
Celltiter96 cell proliferation assay (Promega) with a second independent shRNA, RAX
shRNA (1459), that also targets the 3’ untranslated region of RAX, and was repeated in the
second pituitary cell line LBT2. The proliferation rate, calculated by fitting growth kinetics
data to an exponential growth equation, was significantly reduced following expression of
either shRNA and in aT3 and LBT2 cells (Figure 3B). These experiments were repeated and
data from at least three replicates are shown in Table 2. Reduced RAX levels were
confirmed following selection by western blotting for RAX (Figure 3C). These data are in
agreement with Peters et al. [36], demonstrating reduced proliferation following RAX
knockdown in a cell culture model of the anterior pituitary hypoplasia observed in RAX-
deficient mice. This validates the previously reported model and suggests that an intrinsic
cellular function of RAX regulates proliferation, which is important considering the
complex endocrine signaling involved in pituitary development.

To begin characterizing the proliferation defect seen in RAX knockdown pituitary cells, we
first analyzed their cell cycle distribution. aT3 cells were infected with RAX shRNA (1199)
lentivirus, puromycin selected and split into replicate wells. At 24-h intervals following
puromycin selection, cells were collected to determine the DNA content by propidium
iodide (PI) staining and were trypan blue stained to determine viability. Consistent with
previous reports [36], there was no increase in cell death following RAX knockdown
(Figure 3D). There was also no accumulation of cells in a specific phase of the cell cycle in
RAX shRNA expressing cells. Cells expressing the non-targeting control, however, had a
dynamic cell cycle distribution shifting towards S-phase over time following puromycin
selection, while RAX knockdown cells showed a static distribution (Figure 3E).

RAX knockdown results in upregulation of the cyclin-dependent kinase inhibitor
p21WAF1/CIP1

Activation of PKR has been shown to upregulate the cell-cycle inhibitor p21WAFL/CIP1 [31
51], which can arrest the cell cycle in the G1 to S [52, 53], S to G, [54] and G, to M
transitions [55]. A simultaneous block in transition between each of these phases is
consistent with our cell cycle distribution data showing stasis without accumulation in any
specific phase of the cell cycle in RAX knockdown cells (Figure 3E). Accordingly, we
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investigated p21 WAFL/CIP1 expression levels in non-targeting control or RAX (1199)
infected cells. Figure 4A demonstrates an increase in p21 WAFL/CIP1 jn RAX knockdown
cells by western blot following 72 h of puromycin selection, consistent with the observed
cell cycle defect. In order to rule out the possibility that the p21WAFL/CIPL jnduction is a
byproduct of puromycin selection, pituitary cells were infected with lentivirus at a high
multiplicity of infection, eliminating the need for selection. Following infection at 3
transducing units (TU)/cell, protein lysates and RNA were harvested at 24-h intervals and
subjected to quantitative western blot and to real-time PCR of RAX and p21WAFL/CIP1
protein and RNA, respectively. By 24 h post-infection, there is a clear reduction in RAX
protein levels (Figure 4B and C) concurrent with an increase in p21WAFL/CIP1 protein
(Figure 4B and D) of 2.555 fold (= 0.388 SEM, n=3) compared to control cells (p=0.0426).
Measures of the levels of the p21WAFL/CIP1 transcript show there was no significant
difference (p=0.0855, n=3) between cells with normal or reduced RAX expression (Figure
4E), indicating that p21 levels are regulated post-transcriptionally.

To test whether p21 WAFL/CIP1 expression is increased in vivo, we assessed 14-day-old
neonates, as this stage coincides with both increased RAX expression in wild-type mice and
the onset of pituitary hypoplasia in rax™'~ mice [36]. Pituitaries were harvested and
p21WAFL/CIP1 expression analyzed by western blot. There was an increase in p21WAF1/CIP1
in rax”/~ pituitary (Figure 4F); although not statistically significant (Figure 4G, p = 0.0794),
this is consistent with observations from our in vitro experiments. This lack of statistical
significance in the increase in p21WAFL/CIPL expression in vivo may be a consequence of
small age differences (less than 24 h) in the animals compared, particularly as RAX levels
are rapidly changing in neonatal mice [36]. It is likely that a transient requirement for RAX
in early postnatal pituitary proliferation defines a narrow temporal window in which to
observe molecular characteristics of this phenotype directly, such as p21 WAF1/CIP1
expression and PKR activation. In this case, such effects can be more reliably observed
directly in vitro, without the variation between individual mice that may differ in age by up
to 24 h.

As cell-cycle control is tightly regulated, it is unsurprising that p21WAFL/CIP1 js regulated at
the transcriptional, post-transcriptional and post-translational levels. Several reported
substrates of PKR (elF2a, p53, the B56a regulatory subunit of protein phosphatase 2A,
nuclear factor associated with RNA 1 and 2 (NFAR1/2), glycogen synthase kinase 33
(GSK-3p)) converge on regulation of p21WAFL/CIP1 gt each of these levels. The lack of a
detectable increase in p21WAFL/CIP RNA in RAX-deficient cells would appear to exclude
p53 as the likely mechanism. At the post-transcriptional level, the p21WAFL/CIPL mRNA is
stabilized by NFAR [56, 57], which is regulated by PKR [58]. Expression of p21 WAFL/CIP1
is controlled post-translationally through phosphorylation of certain residues, which inhibits
the normally rapid protein degradation. Phosphorylation of these residues occurs
downstream of c-Myc [59-61]. The activities of both B56a [62] and GSK-3p [63] decrease
the stability of c-Myc, which would in turn increase the stability of p21WAFL/CIP although
GSK-3p can also phosphorylate p21 WAFLCIP directly to decrease protein stability [64]. The
canonical activity of PKR, elF2a phosphorylation, has also been shown to increase
p21WAFL/CIP1 expression [65, 66]. This response also regulates AKT activity [67], which
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phosphorylates p21 WAFL/CIP1 altering subcellular localization [68], which modulates its
antiproliferative effects [66, 69].

While we see at least partial rescue of developmental defects in rax™'~elF2aSA mice,
indicating that elF2a phosphorylation is important in the RAX-deficient phenotype, we
cannot discount the involvement of additional PKR substrates. As we were not able to
reliably observe rescue of p21 WAFL/CIP1 protein levels in rax~/~pkr== mice, it is possible
that there are also PKR-independent effects, and that a “two-hit” model of both upregulation
and activation of p21WAFL/CIPL is required for the rax™/~ phenotype. In this case, removal of
PKR could remove the activation signal, while any PKR-independent upregulation of
p21WAFL/CIP1 \would go unnoticed in the overt phenotype. Such a scenario might account for
the unchanged levels of p21 WAFL/CIP1 protein in a mouse with phenotypic rescue.
Alternatively, the RAX-dependent regulation of p21 WAFL/CIP1 ghserved in cell lines may be
immaterial in vivo. Additional analysis is required to establish the precise mechanism
through which PKR activity induces the developmental defects in rax™'~ mice.

RAX knockdown promotes PKR activation

Activation of PKR proceeds by phosphorylation of multiple sites, for which only a few have
site-specific phospho-antibodies. Therefore, to determine whether PKR is activated
following RAX knockdown, we measured the isoelectric point (pl) of total PKR by two-
dimensional western blot to assess the phosphorylation state of PKR. This method enables
an unbiased assessment of post-translational modification of PKR and is potentially more
sensitive than phosphorylated-residue specific PKR antibodies developed for investigating
activation in the context of viral infection, during which PKR is both upregulated and
strongly autophosphorylated. In addition, phosphorylation of elF2a was probed by western
blot using a phosphorylation-specific antibody. T3 cells were infected with RAX (1199)
SshRNA or non-targeting control lentivirus (3 TU/cell) and protein samples were harvested
24 h post-infection for analysis of PKR and elF2a phosphorylation. These data demonstrate
a unique pl shift in the population of PKR molecules from cells with reduced RAX
expression (Figure 5A, labeled spot 2, compared to unmodified PKR, labeled spot 1)
concurrent with an increase in elF2a phosphorylation (Figure 5B). The modified pl of PKR
and associated increase in elF2a phosphorylation observed in RAX knockdown a T3 cells
substantiates the data from transgenic studies, which indicate that removal of RAX results in
activation of PKR. Altered PKR levels would provide an alternative explanation for the
increase in PKR activity without contradicting the well-established function of RAX as a
PKR activator, particularly given the role of PACT/RAX in post-transcriptional gene
regulation via micro RNAs. It is important to note, however, that we did not observe an
increase in PKR protein levels in RAX knockdown cells (Figure 5C).

The observed shift in pl (~8.6 to ~8.3) in the absence of RAX corresponds to the predicted
change of a single phosphorylation. However, this change has not been verified as
phosphorylation and therefore could be due to a different post-translational modification. In
either case, this indicates a low-level or alternate activation state of the kinase, rather than
full activation arising from phosphorylation of several residues. Of particular interest are
studies demonstrating tyrosine phosphorylation of PKR and phosphorylation by upstream
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kinases [70-72]. Keeping this in mind, the altered pl observed in RAX knockdown cells
could indicate that RAX blocks activation of PKR by upstream regulatory pathways, rather
than blocking autophosphorylation. In this way, RAX could function as an inhibitor of PKR
activation by alternate mechanisms, while still functioning as an activator of conventional
PKR autophosphorylation upon appropriate stress signals. Alternatively, RAX could
promote dephosphorylation of specific PKR residues by phosphatases. This speculation
could account for the opposing roles for RAX as an activator (previously established) or an
inhibitor of PKR as demonstrated here. That PKR is involved in a variety of cell signaling
responses implies that the kinase could be activated by alternative mechanisms. We present
here the first description of the involvement of PKR in development. This aspect of PKR
function has not previously been incorporated into our understanding of the physiological
function of the kinase.

Anterior pituitary cells are amongst a select subset expressing particularly high levels of
PACT/RAX [1], and are also the only cells in which we see a specific proliferation defect.
There are many proteins involved in the cellular functions of PKR, and expression levels of
these proteins may differ between different cell types. Therefore, the shift from the
canonical PKR activation function of RAX to negative regulation of PKR activity may
depend upon the stoichiometric ratios of RAX, PKR and other binding partners, such as
TRBP/PRBP [4, 73, 74], DICER [3, 4], and other PKR-interacting proteins such as Hsp70,
Hsp90 and p58!PK [75-77], as well as the relative expression levels of each of the
downstream substrates of PKR. The phosphorylation status of PACT/RAX has also been
demonstrated to alter its affinity for PKR and other PKR-interacting proteins. Therefore, the
relative levels and activity of PACT/RAX kinase(s) and phosphatase(s) may influence this
effect as well. It is likely that the relative expression level of each of the many proteins
involved in this pathway fine-tunes the PKR response in a cell-type and context-dependent
manner. While the precise mechanism of hypoplasia downstream of PKR requires further
investigation, these results unequivocally demonstrate that aberrant PKR kinase activity
results in the RAX-deficient phenotype, identifying a function for RAX as a negative
regulator of PKR activity in the context of anterior pituitary development, thereby
establishing the importance of controlling PKR activity and that regulation of PKR by RAX
is critical for normal development.

Materials and Methods

Plasmids, cell lines, antibodies, mice and reagents

Mouse L929, aT3 and LBT2, and human HT1080 and HEK293T cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (Atlanta
Biologicals, Atlanta, GA, USA) supplemented with glucose (4.5 g/l), penicillin (50 U/ml),
streptomycin (50 pg/ml), L-glutamine (2 mM) and sodium pyruvate (1 mM) (henceforth
referred to as complete DMEM - all additives were from Gibco, Gaithersburg, MA, USA).
All cell culture incubations were at 37°C in 5% CO, in a humidified incubator.
Hexadimethrine bromide (polybrene) was obtained from Sigma-Aldrich (St. Louis, MO,
USA) and prepared as an 8 mg/ml solution in water. pVSG-G was obtained from Clontech
(Mountain View, CA, USA), pPCMV-R8.74 was obtained from Addgene (Cambridge, MA,
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USA), pLKO.1-puro and pLKO.1 non-targeting control were obtained from Sigma-Aldrich.
The following primary antibodies were used in 0.5% dry skim milk in TBS-Tween unless
otherwise noted: full-length PACT/RAX [78], B-actin (Clone AC-15, Sigma-Aldrich,
Catalog # A1978), P-elF2a (Ser52) (Invitrogen, Carlsbad, CA, USA, Catalog # 44-728;
membranes using P-elF2a were blocked and probed in 5% BSA), elF2a (Cell Signaling,
Danvers, MA, USA, Catalog # 9722) and p21WAFL/CIP1 (F_5 Santa Cruz Biotechnology,
Dallas, TX, USA, Catalog # sc-6246). Secondary antibodies were HRP-conjugated goat
anti-rabbit (Catalog # 611-103-122) or HRP-conjugated goat anti-mouse (Catalog # 610-
103-121) from Rockland Immunochemicals (Gilbertsville, PA, USA).

rax”~ (Prkral™1cs) [34], pkr /= (Eif2ak2tMiCwe) [37], pkrR/R (Eif2ak2!™mAS) [41] and
elF2a5A (Eif2s1t™RK) mice [79] are all previously described. Eif2s1t™Rk mice were a kind
gift from Dr Randal Kaufman, Sanford-Burnham Medical Research Institute, La Jolla,
California, USA. Mouse experiments were performed in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the Institutional Animal Care and Use
Committee of Cleveland Clinic (Approval Number ARC 08738).

Phenotypic analysis of rax"pkr~~ and rax/~pkrR/R mice

To generate mice deficient in both RAX and PKR, rax*/~ mice were crossed with pkr~/~
mice to generate rax*/~pkr*/~ mice, which were in turn intercrossed to generate rax™/~pkr~/~
mice. To generate mice deficient in RAX and lacking PKR kinase activity (using the K271R
mutant), rax*’~ mice and pkrR’R mice were crossed to generate rax*/~pkr/R mice, which
were in turn intercrossed to generate rax”/"pkrR’R mice. To generate mice deficient in RAX
with the el F2aSA mutation, rax*/~ mice were crossed with elF2aS"A mice. Resulting
rax*/~elF2a5A mice were intercrossed, but viable rax/~elF2a”~A were not produced from
these crosses.

To quantify developmental defects seen in rax™~ mice, ear size (from helix to tragus) and
body length (from nose to tail base) were measured using Vernier calipers (Scienceware,
Wayne, NJ, USA). Adult male and female mice aged between 5 and 34 weeks were used for
measurements. Numbers of mice per litter and time between consecutive litters for dams
were calculated from breeding records over a 2-year period.

For macroscopic analysis, adult age, sex-matched mice between 10 and 25 weeks old were
dissected such that the pituitary was exposed, but remained connected to trigeminal nerves
and the soft palate of the mouth. Pituitaries were photographed using an M60 Stereo
microscope (Leica, Wetzlar, Germany) and camera system.

For histological analysis, whole pituitaries were harvested, still attached to the skull and
trigeminal nerves (to retain morphology), from adult sex-matched mice aged between 10 and
25 weeks and fixed for 4 days in 10% neutral buffered formalin (Fisher Scientific, Hampton,
NH, USA). Fixed pituitaries were removed from the residual skull, embedded in paraffin
and sectioned longitudinally prior to hematoxylin and eosin staining. Sections were analyzed
on a Leica Microsystems (Wetzlar, Germany) DMR upright microscope and photographed
at 5x magnification using a Retiga EX cooled CCD camera (Spectracore, Ontario, NY,
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USA) and ImagePro Plus software (MediaCybernetics, Rockville, MD, USA). The size of
anterior pituitary was quantified by analyzing micrographs using ImagePro Plus to select the
relevant region of the micrograph and determine the number of pixels it contained. Pixel size
was calibrated to physical size based on the objective lens used to take the micrograph,
enabling calculation of the size of the anterior pituitary based on the number of pixels.

Cloning of RAX shRNA constructs

Annealed oligonucleotides were ligated into Agel and EcoRI (New England Biolabs,
Ipswich, MA, USA) digested pLKO.1-puro using Rapid DNA Ligation Kit (Roche, Basel,
Switzerland). All clones were verified by sequencing. For pLKO.1-RAX shRNA (1199)-
puro, expressing an ShRNA targeting nucleotides 1199-1217 in the 3’UTR of the RAX
mRNA (underlined in sequence), the DNA oligonucleotides RAX (1199) F (CCG GCC
GTC AAC TTT CCA GAT TTC TCG AGA AAT CTG GAA AGT TGACGG TTT TTG)
and RAX (1199) R (AAT TCA AAAACC GTC AACTTT CCAGAT TTC TCG AGA
AAT CTG GAA AGT TGA CGG) were annealed and ligated into pLKO.1-puro. For pLKO.
1-RAX shRNA (1459)-puro, expressing an ShRNA targeting nucleotides 1459-1477 in the
3’UTR of the RAX mRNA (underlined in sequence), the DNA oligonucleotides RAX
(1459) F (CCG GTG TTG AGG CTT GTG ATG AAC TCG AGT TCA TCA CAA GCC
TCAACATTT TTG) and RAX (1459) R (TTA ACA AAAATG TTG AGG CTT GTG
ATG AAC TCG AGT TCA TCA CAA GCC TCA ACA) were annealed and ligated into
pLKO.1-puro.

Lentiviral packaging, concentration and determination of titer

Replication-deficient, VSV pseudotyped recombinant lentivirus was produced by
cotransfection of pLKO.1-puro-derived plasmids with the packaging plasmid pCMV-dR8.74
and the pseudotyping plasmid pVVSV-G using the calcium phosphate method into HEK293T
cells. Lentivirus-containing supernatants were harvested three times every 12-16 h; the
collections were pooled, filter-sterilized and titered as follows. HT1080 cells were infected
with serial dilutions in complete DMEM of lentivirus supernatant with polybrene added to
8.0 ug/ml for 24 h. Medium was replaced with complete DMEM without polybrene for 48 h.
Infected cells were selected for 7 days in complete DMEM containing 2.0 pg/ml puromycin,
prior to fixation and staining with crystal violet. Puromycin-resistant colonies were counted
to calculate titer. To concentrate lentivirus, supernatants prepared as described above were
concentrated by ultracentrifugation at 47,000 x g for 2 h at 16°C in an SW28 rotor using a
Beckman (Indianapolis, IN, USA) Optima L-100 XP ultracentrifuge. Supernatant was
discarded following ultracentrifugation, and the lentivirus-containing pellet was resuspended
in complete DMEM and titered as described.

Determination of cell proliferation

aT3 cells were infected with either pLKO.1 non-targeting control or pLKO.1 RAX shRNA
(1199 or 1459) lentivirus. Lentiviral infection was carried out in complete DMEM
containing 8.0 pg/ml polybrene for 24 h. Following shRNA lentivirus infection, inoculum
was replaced with fresh complete DMEM without polybrene and cells were incubated for 48
h. Cells were then split into complete DMEM containing 2.0 pg/ml puromycin and cultured
for 72 h. Preliminary experiments were performed by trypan blue staining and counting
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cells, while subsequent experiments were performed using the CellTiter 96 Non-Radioactive
Cell Proliferation Assay (Promega, Madison, WI, USA, Cat# G4000). Cells were plated in
replicate wells of 6-well dishes at 1x108 cells/well for trypan blue counting or in 96-well
plates at 3.5x10% cells in 100 pl/well for Promega assay. For trypan blue counting, cells
were trypsinized, pooled with media and washes to collect dead cells, centrifuged at 600 x g
for 5 min at room temperature, resuspended in PBS containing 5 mM EDTA, stained with
trypan blue and counted using a hemocytometer at 24-h intervals after plating. For Promega
assays, 15 ul/well dye solution was added to each well, incubated for 1 h, then solubilized in
stop/solubilization buffer for 48 h. Absorbance at 600 nm was measured in a Wallac Victor2
1420 multilabel reader (Perkin Elmer, Waltham, MA, USA). Data were analyzed for both
methods by plotting number of cells or Aggg for Promega assays over time, and fit to the
exponential growth equation Y = YeKT (where Y = cell number or Aspo, Yo = initial cell
number or Aggg and T = hours after plating) using the Graphpad Prism version 5.02 software
package (GraphPad Software, San Diego CA) to calculate the proliferation rate (K).

Determination of cell cycle distribution

aT3 cells were infected with pLKO.1 non-targeting control or pLKO.1 RAX shRNA (1199)
lentivirus and selected as previously described prior to splitting into replicate dishes. Every
24 h, one dish of non-targeting control cells and RAX shRNA (1199) cells was trypsinized,
pooled with media and washes to collect dead cells, pelleted by centrifugation at 600 x g for
5 min at room temperature, trypan blue stained, and counted to determine cell number and
percentage trypan blue positive cells. For each time point, 4x10° cells were pelleted, washed
in cold PBS, fixed in cold 70% ethanol and stored at —20°C until all samples were ready for
processing. Fixed cells were centrifuged at 1000 x g for 10 min at room temperature,
washed twice in cold PBS and incubated for 10 min at room temperature in DNA extraction
buffer (100 mM sodium phosphate dibasic, 20 mM sodium citrate, 0.5% PBS, pH 7.8). Cells
were collected by centrifugation and resuspended in Pl staining solution (50 pg/ml PI, 20
ug/ml RNase A in 1xPBS). Cells were incubated on ice in PI staining solution for 2—4 h,
until samples were analyzed using a FACScan flow cytometer (Becton Dickenson
Biosciences, San Jose, CA, USA) and analyzed using ModFit LT software (Verity Software,
Topsham, ME, USA) to fit data to a model of DNA content.

Protein isolation and western blot

Protein was isolated from cultured cells by lysis in Triton X-100 lysis buffer (20 mM Tris-
HCI pH 7.5, 150 mM NacCl, 1% Triton X-100, 1 mM EDTA, 5 mM 2-mercaptoethanol, 10%
glycerol, supplemented with Complete protease inhibitor cocktail (Roche) and PhoSTOP
phosphatase inhibitor cocktail (Roche)). Protein was isolated from mouse tissue by grinding
whole tissue in Triton X-100 lysis buffer. Proteins were separated using SDS-PAGE and
transferred to PVDF membrane (Immobilon, Millpore, Billerica, MA, USA) for western
blotting. Secondary antibodies were detected using ECL (GE, Little Chalfont,
Buckinghamshire, UK), ECL 2 (Pierce, Rockford, IL, USA) or ECL Prime (GE).
Quantitation of ECL signal from p21WAFL/CIP1 \estern blots of primary tissue was
performed using ImageQuant (Molecular Dynamics, Little Chalfont, Buckinghamshire, UK,
version 5.2); signal was normalized to a loading control (B actin or 3 tubulin) and expressed
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as normalized signal relative to the normalized signal from the corresponding wild-type
control sample.

Determination of p21WAFL/CIP1 expression kinetics by quantitative western blot and real-
time RT-PCR

aT3 cells were infected with 3 TU/cell pLKO.1-puro non-targeting control or RAX (1199)
shRNA lentivirus, as previously described in five replicate plates for each virus. Medium
was replaced with complete DMEM without polybrene and cells from each set of replicates
were harvested at 24-h intervals, washed in PBS and divided into two tubes for RNA and
protein analysis. RNA was isolated from one tube using Roche Highpure Total RNA
Isolation Columns; RNA (1.6 ug) was reverse transcribed in a 40 pl volume using the
Superscript I11 reverse transcription kit with random hexamer primers (Invitrogen). Lack of
an 18S rRNA PCR band was used to exclude genomic DNA contamination in all RNA
samples prior to reverse transcription. To quantitate p21WAFL/CIPL transcript levels, 4 ng
cDNA per reaction was used as template in real-time PCR. Real-time PCR was conducted
using the SYBR green PCR system (Applied Biosystems, Foster City, CA, USA) for two-
step RT-PCR, except that the final reaction volume used was 12.5 pl. Accumulated PCR
product was quantified by comparison to a standard curve and normalized to an 18S rRNA
control reaction. Primer sequences for p21 WAFL/CIPL yere as follows: 5’ -
gaacatctcagggccgaaaacy, 3’ - ctaaggccgaagatggggaagag; and for 18S rRNA were 5’-
attgacggaagggcaccaccag and 3’-caaatcgctccaccaactaagaacg. PCR cycling was as follows: 3
min 95°C, followed by 40 cycles of: 30 sec 95°C, 1 min 52°C, 30 sec 72°C. The second
pellet from each time point was lysed in Triton X-100 lysis buffer as described above, 10 ug
total protein was separated by SDS-PAGE and transferred to nitrocellulose membrane (Bio-
Rad, Carlsbad, CA, USA, cat# 162-0146). Membranes were blocked in 5% milk in 1XTBS
without Tween20, and probed with anti-p21 WAFL/CIP1 (F5) 3t 1:100 or anti-PACT at 1:2000
and anti-p-tubulin at 1:20000 in 0.5% milk in TBS-T. Membranes were incubated with
IRDye 680LT goat anti-rabbit secondary (Cat# 926-68021) and IRDye 800CW goat anti-
mouse secondary (Cat# 926-32210) from Licor (Lincoln, NE, USA) at 1:20000 and 1:5000,
respectively, in 0.5% milk in 1XTBS-T. Final washes were performed in 1XTBS without
Tween20. Detection was performed using the Odyssey® system (Licor), and quantified
using the Image Studio software package (Version 2.0, Licor).

Determination of PKR activation by two-dimensional PKR western blot and P-elF2a
western blot

aT3 cells were infected with 3 TU/cell with concentrated pLKO.1-puro non-targeting
control or pLKO.1-RAX (1199)-puro lentivirus as for the p21WAFL/CIPL expression assay as
previously described. Following infection, cells were split into fresh complete media without
polybrene for an additional 24 h. Cells were harvested and washed in PBS, split into two
tubes and pelleted by centrifugation. One cell pellet from each sample was resuspended in
2D lysis buffer (4% CHAPS, 7 M urea, 2 M thiourea, 40 mM DTT, 0.002% Bromophenol
Blue, 0.5% IPG Buffer pH 3-10 (GE Life Sciences, Pittsburgh, PA, USA)), passed through
a 22G needle three times, and incubated on ice for 20 min. The second pellet from each
sample was resuspended in Triton X-100 lysis buffer. For isoelectric focusing, 30 pg of each
sample in 2D lysis buffer was applied to a 7 cm Immobiline IPG strip, pH 3-10 (GE Life
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Sciences). Strips were focused in ceramic strip holders using the following program at 15°C:
12 h rehydration at 30 V, 1 h at 300 V, linear gradient between 300 V and 1000 V over 30
min, linear gradient between 1000 V and 5000 V over 1 h and 20 min, 5000 V for 6500 V
Hours. Strips were then held at 500 V overnight. Focused strips were equilibrated into
Equilibration buffer (75 mM Tris-HCI pH 8.8, 6 M urea, 2% SDS, 30% glycerol, 0.002%
Bromophenol Blue) + 1% DTT for 15 min, followed by equilibration into Equilibration
buffer + 2.5% iodoacetamide for 15 min at room temperature with rocking. Strips were then
subjected to second-dimension electrophoresis on an 8% SDS-PAGE gel. Gels were
transferred to PVDF and probed with anti-PKR (D-20, Santa Cruz Biotechnology, 1:5000)
in 0.5% milk in 1XTBS-T, followed by detection using goat anti-rabbit HRP secondary
(1:20000) and ECL-prime (GE). Images have been cropped to display the relevant molecular
weight and pl ranges. Triton X-100 lysates were used for conventional western blot with
anti-P-elF2a as described above.

Statistical analysis

All statistical analyses, including Student’s t-test and non-linear regression analysis, were
performed using the Graphpad Prism version 5.02 software package (GraphPad Software,
San Diego, CA, USA).
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DMEM
elF2a
Eif2ak2
GSK-38
NFAR

p21WAF1/CIP1

PACT

pl
Pl
PKR

PRBP

Dulbecco’s modified Eagle’s medium

eukaryotic translation initiation factor 2 a subunit
elF2a kinase 2 (gene encoding PKR)

glycogen synthase kinase 3§

nuclear factor associated with RNA
cyclin-dependent kinase inhibitor 1A

protein activator of PKR

isoelectric point

propidium iodide

interferon-inducible double-stranded RNA-dependent protein kinase
(protein kinase R)

protamine-1 RNA binding protein
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Prkra protein kinase R (PKR) activator (gene encoding PACT/RAX)
RAX PKR-associated protein X
ShRNA short hairpin RNA
TARBP2 human immunodeficiency virus-1 trans-activation response element RNA
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Figure 1.

Investigation of the rax™/~ developmental phenotype in rax™/~pkr~~ and rax™~pkr®R mice.
(A) Body length measured from nose to tail base or (B) ear size measured from helix to
tragus in adult male and female mice. Data points show individual mice and lines indicate
mean. p-values were determined by unpaired two-tailed t-test; see Table 1 for statistical
analysis. In both (A) and (B), blue data points indicate statistically similar (p > 0.05) to wild
type, red indicates statistically distinct from wild type (p < 0.05) and statistically similar (p >
0.05) to rax™/~, orange indicates statistically distinct (p < 0.05) from both wild type and
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rax”~ (intermediate phenotype). (C) rax™'~ and pkr~~rax™/~ mice were photographed to
illustrate phenotypic rescue. Fertility parameters, including (D) mice per litter and (E)
intervals between consecutive litters for individual dams, were also determined. Data shown
are mean + SEM and were obtained from a minimum of three litters from at least four
independent breeding pairs per genotype. No statistical difference (p > 0.05) was found
between genotypes by one-way ANOVA or by comparing pairs of genotypes by unpaired
two-tailed t-test.
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Figure 2.

Higstological comparison of pituitary from wild-type, rax™~, rax”~pkr~/~ and rax”/~pkrRR
mice. (A) Pituitaries were photographed in situ in mice during dissection (2x magnification).
Trigeminal nerves that flank the pituitary are marked as Tg. The anterior pituitary is outlined
in white. Hematoxylin and eosin stained longitudinal sections of pituitary from mice of the
indicated genotypes were photographed at 5% magnification (B — representative samples
shown) and the size of the anterior pituitary was calculated from micrographs (C). Scale bar
indicates 0.1 mM. A, I and P indicate anterior, intermediate and posterior lobes of the
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pituitary, respectively. Data shown are mean + SEM of multiple sections from at least two
mice. p values were calculated relative to rax™/~ using an unpaired two-tailed t-test. ***
indicates p < 0.0001, ** indicates p < 0.01.
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Figure 3.

Cell cycle distribution of RAX knockdown T3 cells. (A) aT3 cells expressing an ShRNA
construct targeting RAX (1199) or a non-targeting control (NT) were plated following 72 h
of puromycin selection and counted at 24-h time points. (B) Proliferation of T3 and LBT2
cells stably expressing one of two RAX shRNAs (1199 or 1459) or a non-targeting control
was determined as in (A); data were then fit to the equation Y = YqeKT, where T is hours
after plating, Y is cell number (or absorbance) and Yy is starting cell number (or
absorbance), to determine the proliferation rate K. Results are shown as mean + SEM, aT3
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NT (n=7), 1199 (n=5), 1459 (n=5), LBT2 NT (n=4), 1199 (n=4), 1459 (n=3); * denotes p <
0.05, ** denotes p < 0.01, *** denotes p < 0.0001. See Table 2 for statistical analysis. (C)
aT3 cells expressing one of two RAX shRNAs (1199 or 1459) or a non-targeting control
were analyzed for RAX expression by western blot following 72 h of puromycin selection
(T=0 h in time course shown in (A)). (D) Cells from the experiment shown in (E) were
stained with trypan blue to determine viability. Results are shown as mean £ SEM (n=3). (E)
aT3 cells expressing RAX (1199) shRNA or a non-targeting control were selected with
puromycin and stained with PI at 24-h time points to measure DNA content and cell cycle
distribution by flow cytometry. Percentage of cells in Go/G4, S and Go/M phases are shown
as mean + SEM (n=3).
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Figure 4.

p21WAFL/CIP1 expression following RAX knockdown. (A)Western blot of p21WAFL/CIPL jp
shRNA-expressing aT3 cells following 72 h of puromycin. (B) Quantitative Odyssey®
western blot of RAX and p21WAFL/CIPL jn T3 cells infected with 3 TU/cell RAX (1199)
shRNA or a non-targeting control (NT). (C) RAX expression level was quantitated from (B).
(D) p21WAFL/CIP1 expression level was quantitated from (B). Data in (C) and (D) are shown
as RAX or p21WAFL/CIPL sjgnal normalized to f tubulin relative to the average normalized
signal from non-targeting control samples and shown as mean + SEM (n=3); * denotes p <
0.05, ** denotes p < 0.01. (E) p21WAFL/CIPL mRNA was quantified by real-time RT-PCR
from cells used in (B). Data are shown as p21WAFL/CIP1 normalized to 18S rRNA. Results
are shown as mean + SEM (n=3). (F) Representative western blot of p21WAF1/CIP1 jn T

FEBS J. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dickerman et al.

Page 26

and rax”/~ pituitary from neonatal (14-day-old) mice. (G) Quantitation of western blots from
WT and rax™/~ pituitary from neonatal (14-day-old) mice, shown as mean + SEM
p21WAFL/CIP1 sjgnal normalized to loading control, relative to wild type for each blot (n=6).
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Figure 5.
PKR activation following RAX knockdown. (A) Protein lysates from o T3 cells infected

with 3 TU/cell of either non-targeting control (NT) or RAX (1199) shRNA lentivirus were
separated by isoelectric focusing using a pH 3-10 gradient prior to second-dimension SDS-
PAGE and western blot for PKR (using Santa Cruz D-20 PKR antibody). Image has been
cropped to the pH range between 6 and 9, and the expected molecular weight of PKR (~65
kDa). Arrow labeled 1 denotes the predicted pl of unmodified PKR (8.57); arrow labeled 2
denotes the shifted population. (B) Western blot for P-elF2a of cells used for two-
dimensional western blot in (A). (C) Western blot of total PKR from NT or RAX (1199)
infected aT3 cells.
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Table 2

Statistical analysis of proliferation rates in RAX knockdown cell lines.

Proliferation rate p value
Cell line shRNA (h~%, mean + SEM) | (compared to NT)

Non-targeting control | 0.01903 + 0.00102 -

aT3 RAX (1199) 0.00489 + 0.00180 <0.0001

RAX (1459) 0.01381 + 0.00126 0.0089

Non-targeting control | 0.01815 + 0.00163 -

LBT2 RAX (1199) 0.00032 + 0.004215 0.0076

RAX (1459) 0.01067 + 0.00154 0.0233

Proliferation rate of T3 and LBT2 cells stably expressing one of two RAX shRNAs (1199 or 1459) or non-targeting control (Figure 3B). Results
are shown as mean + SEM, aT3 NT (n=7), 1199 (n=5), 1459 (n=5), LBT2 NT (n=4), 1199 (n=4), 1459 (n=3). p values are derived from an
unpaired two-tailed t-test of RAX shRNA infected cells compared to corresponding non-targeting controls.
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