











La Is Essential in Mature Neurons

FIG 4 Progressive neurodegeneration in the cerebral cortex and hippocampus of La-deleted mice. Representative sections of the forebrains from the La-deficient
(La"~ Cre“*MKI) and control littermates (La™ ) at 12 weeks (A and B), 16 weeks (C and D), and 65 weeks (E and F). Areas of the frontal cortex and hippocampus
(CA1 cells) that are outlined in the overview images (H&E, left panels) are shown at a higher magnification in the adjacent, corresponding Nissl-stained sections.
Note there was some decrease in cortical thickness and a more pronounced decrease in neuronal density in the hippocampus (CA1) of 16-week-old La-deleted
mice than in control littermates. Cortical atrophy and neuron loss in the hippocampus (CA1) were especially pronounced in 65-week-old La-deleted mice
compared to controls (compare panels Fand E). Bars in the Nissl insets (cortex and hippocampus), 100 wm. (G to J) High-magnification immunohistochemistry
images of representative regions of the somatosensory cortex (G and H) and retrosplenial cortex (I and J), stained with anti-mLa antibody and H&E counter-
staining, from 16-week-old control brains (upper panels) and matched littermate La knockout mutant brains (lower panels). (K and L) High-magnification
immunohistochemistry results for the hippocampal regions of 12-week-old control (K) and matched littermate La knockout mutant (L) mouse brains stained
with anti-mLa antibody and H&E counterstaining. The upper panels show low magnification images, which were further magnified for the middle and lower

panels, including the circular insets, as annotated.

taining cells decreases with age due to Cre activity in the cerebral
cortex and hippocampal CA1 cells of La-deleted mice, so do the
total number of cells and the overall mass in these regions. In the
DG, one of the few regions of neurogenesis in adults, there is much
less net loss of cells (see Discussion).

Ladeletion by Mb1 Cre causes hyposplenia, severe B cell lym-
phopenia, and agammaglobulenemia. To determine if expres-
sion of La is also critical to hematopoietic differentiation, we
crossed La"™"~ mice with mice expressing Mb1 Cre (37), which is
strongly expressed in the B cell lineage beginning at the early pro-B
cell stage of development in the bone marrow (BM) and persists
up to the stage of plasma cell differentiation in peripheral lym-
phoid tissues, including the spleen (47). In normal spleens, about
50% of all lymphocytes are B cells. At necropsy, the spleens of
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La-deleted mice were visually smaller than those of control mice
and averaged about half the weight of spleens from controls (Fig.
5A). We also tested for the presence of IgG by SDS-PAGE separa-
tion of serum proteins eluted from a protein A-Sepharose column
that selectively bound IgG and, nonspecifically, small amounts of
albumin. Bands consistent with the sizes of IgG heavy chain (IgH)
and light chain (IgL) (Fig. 5B) were readily detected in samples
generated from sera of control (lane 1) but not La-deleted (lane 2)
mice. (Additional studies of the two cohorts revealed an absence
of IgM in serum of La-deleted mice, as determined by enzyme-
linked immunosorbent assay). This indicated that La™ ~ Mb1<™'*
mice are unable to generate mature immunoglobulin-secreting
cells.

To determine the stage at which B cell differentiation was

mcb.asm.org 127

1sanb Aq 6T0Z ‘6T lequaldas uo /610 wse qowy/:dnuy woly papeojumog



Gaidamakov et al.

C)
Laf*-

LaF Mb1Cre/+

0.069g, +/-0.013 0.032g, +/-0.007
(n=8) (n=8)

=<

B) 1 2

Alb - [ s
|gH- —

ARINN
o
o

La**Mb1**

1 17 119 ” Jo1
13 21 7 3 BM

LaF*Mb1Cre* LaF-Mb1Cre/*

s> A8
<28 |
CD19

&5 )-:|

- PerC
L1

—

B

CD5

FIG 5 La deletion by Mb1°™ causes reduced spleen size, agammaglobulenemia, and absence of cells of the B lineage. (A) Photographs of freshly isolated spleens
from typical control and La-deleted 17-week-old mice. The mean * standard deviation spleen weights from eight control and eight La-deleted mice are indicated
under the images. (B) Absence of serum IgG in La-deleted mice. Lane 1, control mouse serum; lane 2, from La-deleted mouse serum. (C to E) Developmental
arrest of La-depleted B lineage cells. BM (C), spleen (D), and PerC cells (E) were stained with the indicated Abs and analyzed by flow cytometry using the indicated
gating parameters. The numbers are frequencies of cells falling in each gate. Data are representative of multiple mice with similar results. (C) BM IgM* B220'
cells (top panels) were gated to identify pro-B cells (CD43" B220") and pre-B cells (CD43~ B220™) (lower panels). (D) Spleen cells were stained to identify B
cells (IgM™ B220™) and non-B cells (IgM ™~ B2207) (top panels). (E) PerC cells were examined using the gating parameters shown.

blocked in La-deficient mice, we used flow cytometry to study the
composition of different compartments of the B cell lineage in the
BM and spleen and among PerC cells by using the gating param-
eters shown in Fig. 5C to E. Studies of BM cells revealed an essen-
tially total block in B cell development at the pro-B cell (B220"
CD43™")—to—pre-B cell (B220" CD43 ") transition (Fig. 5C), pre-
cisely the time at which Mb1 is first expressed in B cell develop-
ment (47). Predictably, this block resulted in the complete absence
of IgM-expressing B cells in both the spleen (Fig. 5D) and PerC
(Fig. 5E). In contrast, the frequencies of splenic CD4" and CD8™
T cells were completely normal in La-deficient mice, consistent
with a lack of Mb1 expression in the T cell lineage.

Evidence of altered pre-tRNA processing in the mutated La
brain. It is well established that La protein in human and mouse
cells is bound to pre-tRNAs and other nascent Pol III transcripts
(48-50). However, the studies showing that La contributes func-
tionally to pre-tRNA maturation utilized distant yeasts, S. cerevi-
siaeand S. pombe, and indicated its involvement at multiple points
in the pathway. Maturation of a nascent precursor tRNA occurs
along a complex pathway, requiring different end-processing ac-
tivities to remove the 5" leader and 3 trailer, as well as splicing for
tRNAs with introns (and many base and nucleotide modifica-
tions), the precise order of which may vary for different pre-
tRNAs (reviewed in references 14, 15, 51, and 52). Moreover, these
activities are directed so as to prevent end-retaining pre-tRNAs
from entering the cytoplasm. La protein imposes order on the
pre-tRNA processing pathway (reviewed in references 14, 15, 17,
and 53). For some pre-tRNAs, La increases the processing effi-
ciency with which the nascent transcript is converted to the next
intermediate in the pathway (16, 17). In addition to stabilizing
nascent pre-tRNAs bearing a 3’ oligo(U) tract, La also retains
these in the nucleus, affording them access to efficient and ordered
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end processing (53, 54). Moreover, pre-tRNAs with structural im-
pairments require a distinct RNA chaperone-like activity of La for
efficient maturation (55-57).

However, there is no evidence of which we are aware that La is
functionally involved in pre-tRNA metabolism in higher eu-
karyotes. Therefore, we examined the pre-tRNA intermediates in
the forebrains of control and La mutant mice. Analysis of intron-
containing pre-tRNAs is a standard way to characterize the effects
of La protein on pre-tRNA metabolism (15-17, 53, 54, 56, 57).
Figure 6A and B show Northern blot results for RNA isolated from
the forebrains of control and Cre“™X " La mutant mice, per-
formed with **P-labeled oligonucleotide-DNA probes comple-
mentary to either the 3’ trailer [including the 3" oligo(U)] or the
intron of pre-tRNA™, respectively. The 3’ trailer probe (Fig. 6A)
showed two RNA species in control and La mutant forebrains: an
upper band reflecting nascent pre-tRNA with a 3’ trailer and a
lower band. The lower band represented a processing intermedi-
ate that retained its 3’ trailer but appeared to have been spliced,
because after stripping (data not shown), the intron probe on the
same blot detected only the upper band of the two bands (Fig. 6B).
We concluded from these data that the lower band in Fig. 6A
represents a pre-tRNA™" processing intermediate that retains its
3’ trailer-containing intermediate and whose intron was removed.
Most significant was the obvious paucity of the lower, 3’ trailer-
containing intermediate in the La mutant forebrain relative to the
control forebrain (Fig. 6A). The blot was next subjected to a probe
complementary to U12 snRNA, a Pol II transcript, to serve as a
loading control (Fig. 6C). Similar differences in the ratios of lower
to upper bands in control and La mutant forebrains were observed
in other sample sets; these were quantified and are plotted in Fig.
6D. These data provide clear evidence that the La-deficient fore-
brains exhibited significant reductions in the accumulation of the
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FIG 6 Northern blot analysis revealed altered pre-tRNA metabolism in La
mutant forebrains. (A to C) A blot containing total RNA isolated from the
frontal cortex was probed, autoradiographed, stripped, and reprobed with
probes to detect different intermediates in the maturation pathway for pre-
tRNA™", as indicated. The cartoons to the left of panels A and B are schematic
representations of the species detected; rectangles reflect exons, lines reflect the
intron or 3’ trailer, and the thick line reflects the position of the probe. (C) The
same blot, probed for U12 snRNA to serve as a loading control. (D) Graph of
the ratio of lower versus upper band intensities from panel A and a similar
probing of another matched sample set. Error bars reflect results of two inde-
pendent experiments from different sample sets. (E) The same blot, probed for
spliced mature tRNA™",

control

3’ trailer-containing pre-tRNA™" intermediate relative to control
forebrains. These data reflect alterations of pre-tRNA™" metabo-
lism caused by La knockout in developing mouse brains.

We probed the same blot for the mature tRNA™* (Fig. 6E). The
amount of mature tRNA™" appeared lower in the La knockout
samples than in the control sample (Fig. 6C, U12 RNA). However,
quantification of these and other matched samples revealed only a
small decrease in the amount of mature tRNA™" relative to U12 in
the La knockout forebrains (data not shown), reminiscent of pre-
vious findings with La-deleted yeast (see Discussion).

DISCUSSION

It was unknown whether a cell-type-specific conditional genetic
deletion of La would be detrimental to mouse B cells or brain cells.
We found that conditional deletion of the Ssb gene encoding the
La protein in B cell progenitors mediated by MbI®™ led to
the complete absence of B cells and circulating immunoglobulins.
The Mb1“™ mice also had significant reductions in spleen size, as
expected with total loss of B cells and consistent with the block in
B cell development at the pro-B—to—pre-B cell transition in the
bone marrow (Fig. 5, BM). This indicated that La is required for
the development and/or viability of B cells. These studies revealed
a critical, nonredundant requirement for the La protein beyond
the stage at which expression was extinguished, the pro-B cell-to—
pre-B cell transition.

In separate studies using Cre mice, we observed neuro-
nal loss in the cerebral cortex and hippocampal CA1 region in
conditional La-deleted adult mice, sites known to be nonneuro-
genic in the adult mouse brain (58). The cumulative results sug-
gested that La is essential not only for proliferating cells but also
for postmitotic cells.

CaMKII
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Conditional deletion of La mediated by Cre“***"'led to loss of
hippocampal CA1 cells and widespread loss from the forebrain,
with continuing cortical atrophy thereafter. Although one would
expect mice with decreased forebrain mass to be compromised in
gait or other functions, we have not undertaken systematic testing,
because to do so and achieve statistically significant results would
require large numbers of matched littermates and detailed analy-
ses to distinguish effects on motor function versus cognitive be-
havior.

That only fractions of the hippocampal CA1 and neocortex cells
were depleted of La protein suggests, among other possibilities, that
CaMKII-driven Cre was inactive in some of the cells. Consistent with
this, when we used high-resolution imaging to examine (3-galactosi-
dase that resulted from Cre-mediated recombination in Rosa26 re-
porters carrying the B6.Cg-Tg(Camk2a-cre)T29-1 allele (44), we
found that some cells in the cerebral cortex and CA1 region had es-
caped recombination (data not shown).

Not all of the brain regions targeted by Cre showed a net
loss of cellularity. Intriguingly, this was most obvious in the DG,
one of the few regions currently known to have high rates of neu-
rogenesis in adults. Immunohistochemistry revealed a set of cells
in the DG that contained low levels of La relative to adjacent cells
(Fig. 4K and L, blue cells). Our analysis of the 3-galactosidase
reporter data from the Cre“*" Rosa mice revealed that a signif-
icant amount of cells in the same region of the DG had not (yet)
induced the CaMKII promoter that drives Cre expression (data
not shown). Although the data might suggest an intricate relation-
ship between induction of CaMKII, accumulation of La, and neu-
rogenesis in the DG, examination of this relationship was beyond
the scope of the present study.

Lais nonessential in yeast but is essential in mice and fruit flies,
albeit at different stages of development. Multiple points should
be noted when considering this variability, in particular the essen-
tial requirements of yeast and metazoa. Although La is nonessen-
tial in yeast, its absence causes alterations of tRNA processing,
and it becomes essential in the presence of structure-altering mu-
tations in some tRNA genes that are otherwise nonlethal in its
presence, consistent with an RNA chaperone-like function (55).
Mammalian La proteins are larger and more complex than those
of yeast and include an additional RNA recognition motif (RRM)
(1). As noted in the introduction, mammalian La has been impli-
cated in the regulation of multiple mRNAs, including those for
housekeeping functions, such as ribosomal proteins. In addition,
La has been implicated in the biogenesis of rRNA and microRNAs
(miRNAs) (59-61). Thus, although we have demonstrated altered
pre-tRNA metabolism in the La knockout brain, present technol-
ogy does not allow us to determine if deficiency in this pathway
alone is sufficient to cause cell lethality and the other phenotypes
observed. The present data do not rule out the possibility that the
essential function of mouse La involves a role in the metabolism of
other classes of RNAs with which it has been found to be associ-
ated, the 5'-TOP mRNAs that encode ribosome subunits and re-
lated factors (4), MDM2 or other regulatory functions, rRNA bio-
genesis, or miRNA biogenesis.

Human La can replace the in vivo function of S. pombe La in
three activities of pre-tRNA maturation: 3’ end protection, nu-
clear retention to afford efficient processing, and pre-tRNA chap-
erone activity for those pre-tRNAs that require assistance in fold-
ing (17, 53, 54, 56, 57). The RNA chaperone activity of La, which
has been demonstrated for pre-tRNAs but may also work on
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mRNAs, uses a mode of RNA recognition distinguishable from
UUU-3'-OH binding (54, 62). In any case, the presence of an
additional RRM suggests that mammalian La may have adopted a
function beyond that of the yeast proteins. Such a function may
involve an activity in addition to the binding and protection of
pre-tRNAs and/or other RNA polymerase III transcripts that lo-
calizes to RRM2. RNA chaperone and other activities that appear
to rely on RNA binding distinguishable from UUU-3’-OH bind-
ing may be involved (31, 62), affecting mRNA translation, as
noted above, or an miRNA-related function (60, 61).

Alternatively, an additional RRM may allow more control or
regulation over the pre-RNA or other polymerase III transcript
binding activity, perhaps related to the pre-tRNA chaperone ac-
tivity of RRM1 (17, 63). While S. pombe and S. cerevisiae contain
180 and 275 tRNA genes, respectively, mice and humans contain
significantly more, 432 and 506. Thus, it seems reasonable to ex-
pect that some pre-tRNAs in mice and humans may require the
pre-tRNA-related activities of La to a greater extent than yeast. As
La activities in the pre-tRNA, mRNA, and miRNA pathways have
been reported to rely to various degrees on the second RRM, it will
be of interest in future work to examine the extent to which dif-
ferent La constructs rescue the phenotypes observed here.
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