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Rapamycin inhibits mechanistic (or mammalian) target of rapamycin (mTOR) that promotes protein
production in cells by facilitating ribosome biogenesis (RiBi) and eIF4E-mediated 5’cap mRNA translation.
Chronic treatment with encapsulated rapamycin (eRapa) extended health and life span for wild-type and
cancer-prone mice. Yet, the long-term consequences of chronic eRapa treatment are not known at the organ
level. Here, we report our observations of chronic eRapa treatment on mTORCI signaling and RiBi in mouse
colon and visceral adipose. As expected, chronic eRapa treatment decreased detection of phosphorylated
mTORCI1/S6K substrate, ribosomal protein (rpS6) in colon and fat. However, in colon, contrary to
expectations, there was an upregulation of 18S rRNA and some ribosomal protein genes (RPGs) suggesting
increased RiBi. Among RPGs, eRapa increases rp/22/] mRNA but not its paralog rp/22. Furthermore, there
was an increase in the cap-binding protein, eIF4E relative to its repressor 4E-BP1 suggesting increased
translation. By comparison, in fat, there was a decrease in the level of 18S rRNA (opposite to colon), while
overall mRNAs encoding ribosomal protein genes appeared to increase, including rp/22, but not rpl22/1
(opposite to colon). In fat, there was a decrease in eIF4E relative to actin (opposite to colon) but also an
increase in the eIF4E/4E-BP1 ratio likely due to reductions in 4E-BP1 at our lower eRapa dose (similar to
colon). Thus, in contrast to predictions of decreased protein production seen in cell-based studies, we provide
evidence that colon from chronically treated mice exhibited an adaptive ‘pseudo-anabolic’ state, which is only
partially present in fat, which might relate to differing tissue levels of rapamycin, cell-type-specific responses,
and/or strain differences.
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rectly into the intestine, and chronic treatment
extended health (1,2) and life span in mice (2-6).
Impressively, chronic eRapa exposure suppressed intest-
inal adenomas to restore a normal life span for ApcM™ +

Encapsulated rapamycin (eRapa) releases drug di-
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mice (7), a model for human familial adenomatous polyposis
(FAP). This was a fivefold extension and illustrates the
potential clinical value of chronic eRapa treatment since
the alternative for FAP patients is prophylactic colectomy
at an early age. eRapa and other rapamycin formulations
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and derivatives (rapalogs) have been shown to ameliorate
other forms of cancer as well (8—19). Therefore, a better
understanding of the changes produced by chronic eRapa
exposure is imperative for its potential long-term use in
people for cancer prevention and possibly other age-
associated diseases.

Rapamycin impairs protein synthesis (20) by interacting
with the rapamycin-FK506 binding protein 12 (FKBP12)
and allosterically inhibiting the activity of the mechanistic
(or mammalian) target of rapamycin (mTOR) complex
1 (mTORC1) by either destabilizing mTORCI (21) or
limiting access to its kinase active site (22). Rapamycin
has two modes of action to inhibit protein synthesis.
First, rapamycin reduces eIF4E-sensitive protein synthesis
by increasing the binding of its repressor, 4E-BP1. eIF4E, a
component of the eIF4F initiation complex, enables pro-
tein synthesis by binding to capped messenger RNAs (23).
The 4E-BP1 repressor inhibits the assembly of the eIF4F
complex [reviewed in (24)]. By reducing the phosphoryla-
tion of 4E-BP1 by mTORCI, the rapamycin-FK506BP
complex inhibits eIF4F assembly and el F4E-sensitive pro-
tein synthesis. Second, rapamycin reduces ribosome bio-
genesis (RiBi, reviewed in (25)). Ribosome subunits are
produced in the nucleolus and are composed of ribosomal
proteins (rp) and ribosomal RNAs (rRNAs). The mTORCI1/
S6K pathway enables RiBi via phosphorylation of a ribo-
somal protein, rpS6, at Ser240/244 (26), which controls
the RiBi transcription program (e.g. ribosome protein
mRNAs). It also promotes non-nucleolar transcription of
5S rRNA (by RNA Pol IIT) by phosphorylation of Mafl,
and transcription of nucleolar 47S rRNA (by RNA Pol I
and a precursor to 18S, 5.8S, and 28S rRNAs) (27,28).
Finally, the mTORCI1/eIF4E pathway regulates transla-
tion of mRNAs containing 5TOP sequences including
those encoding all the ribosome subunit proteins (29).
Thus, rapamycin could reduce all of these processes in RiBi
as part of its anti-cancer and anti-aging mechanism.

Following up on our observation of eRapa effects in the
small bowel (7), here we measured the impact chronic
eRapa treatment has on the colon in mice and compared
it to visceral adipose. In accordance with our previous
observations (7), we found that chronic eRapa exposure
reduced the detection of rpS6 Ser240/244 phosphorylation
in the colon and fat. However, in colon, contrary to our
expectations, chronic eRapa exposure led to an mRNA
profile suggesting an increase in messages that encode
ribosomal proteins including two paralogs implicated in
immunology and cancer, rpl22 and rpL22Il, and an
increase in 18S rRNA. There was also an increase in
elF4E relative to its repressor 4E-BP1. By comparison to
fat, the response profile to FKBP-rapamycin was similar
but with distinct differences that include opposite responses
for rpl22 and rpl2211 and a decrease in 18S rRNA, an
increase in ribosome protein mRNAs, and decreases in
elF4E and 4E-BP1. These unexpected findings suggest

differential compensatory responses to maintain protein
production that could be important for long-term survival
and possibly anti-aging effects of rapamycin.

Materials and methods

Mice

We generously obtain C57BL/6 mice from a breeding over-
seen by the Nathan Shock Animal Aging Animal Models
and Longevity Assessment Core. The original breeding pairs
were obtained from the Jackson Laboratory.

UM-HET?3 mice were bred in the Intervention Testing
Center animal facility in the Barshop Institute for
Longevity and Aging Studies. They are a 4-way cross, the
first-generation offspring of BALB/cByJ x C57BL/6J)F1
mothers (CByB6F1/J; JAX Mice stock #100009) and
C3H/HeJ x DBA/2J)F1 fathers (C3D2F1/J; JAX Mice
stock #100004). Each HET3 mouse in the test population
is genetically unique but shares one half of its (nuclear)
genome, on average, with every other mouse in the popula-
tion. We treated and housed mice according to TACUC
standards. We used colon from wild-type B6.129S2 mice
(8) in our microarray experiments.

Rapamycin diets

C57BL/6 mice were fed microencapsulated rapamycin-
containing diets containing a concentration of either
14 mg/kg food (14 ppm), which provided a dose of
~2.24 mg of rapamycin/kg body weight/day (3,4), or
42 mg/kg food (42 ppm) (1), which provided a dose of
~6.72 mg of rapamycin/kg body weight/day. Control
diet was the same but with empty capsules. We housed
mice in accordance with the NIH guide for the care and
use of lab animals. For the data in Supplementary Fig. 2,
we fed mice diets with variable levels of eRapa as
indicated. For our microarray data in Fig. 4, we used
UM-HETS3 mice treated the same as above. We previously
reported life span extension in this strain (8).

Measurement of rapamycin in blood, intestine, and fat
We previously described the procedure for measuring
rapamycin blood levels (8) and our HPLC/MS system
used for rapamycin quantification in tissue assays (7).

Immunoblots

We used snap frozen colon, visceral adipose tissues for
immunoblot assay lysate preparation and for the isolation
of RNA used in microarray and qRT-PCR assays below.
Because of difficulties encountered with immunoblot
assays of intestinal (including colon) tissue, we optimized
a procedure, which we described earlier (7). Fluorescent
signals were quantified and ratios calculated as previously
described (7). Actin, pan Ab-5 (clone ACTNO0S) mouse
monoclonal primary antibody was obtained from Thermo
Fisher, and all other primary antibodies were obtained
from Cell Signaling Technologies.
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RNA preparation for microarray

We extracted total RNA from flash frozen colon from
C57BL/6 female tissues using a miRNeasy mini kit
(Qiagen). We measured RNA concentrations using a
Nanodrop Spectrophotometer (Thermo Scientific) before
quality was assessed using a 2100 Bioanalyzer (Agilent).
We generated biotinylated, amplified cRNAs using
Ambion’s Illumina TotalPrep RNA Amplification Kit
(Life Technologies), which were then hybridized with
Mouse WG6 Whole-Genome Expression BeadChips
(Illumina). All kits were used according to manufacturer’s
instructions. The Genomics Core at the University of
Texas Health Science Center at San Antonio performed all
Gene Expression Profiling. GenomeStudio (Illumina) and
GeneSpring (Agilent) software were used to normalize,
filter, and analyze gene expression data. Some differen-
tially expressed genes were then annotated according
to protein—protein interactions, disease associations, and
bio-pathways using IPA software (Ingenuity).

Quantitative real-time PCR

Colon and small intestine

Frozen tissues (10-35 mg) were cryofractured as pre-
viously described (7), and total RNA was extracted using
a mirVana miRNA Isolation Kit (Life Technologies).
Respective cDNAs were then synthesized from 2 pg total
RNA using ABI’'s TagMan RNA-to-Ct Kit, and qRT-
PCR was performed on 25 ng cDNA in a 10 pl reaction
(2.5 ngfor 18S only) using single tube inventoried TagMan
probes and TagMan Gene Expression Master Mix
(Life Technologies). The TagMan primer sequences are
B2m,mCG11606, Mm00437762_m1 and FG,18S rRNA,
4333760T. qRT-PCR was performed to detect Rpl22
and Rpl22l] on 25 ng cDNA in a 10 pl reaction using
SYBR Green (Biorad cat. 1725271). SYBR Green primer
sequences are B-actin (forward) 5'-CGGTTCCGATGCC
CTGAGGCTCTT-3’; B-actin (reverse) 5'-CGTCACACT
TCATGATGGAATTGA-3'0; Rpl22 (forward) 5'-GTCG
CCAACAGCAAAGAGAG-3’; Rpl22 (reverse) 5-TCC
TCGTCTTCCTCCTCCTC-3"; Rpl22l] (forward) 5'-TG
GAGGTTTCATTTGGACCTTAC-3’; Rpl22L1 (reverse)
5-TTTCCAGTTTTTCCATTGACTTTAAC-3".

Fat
For UM-HET?3 mice, total RNA was extracted from 100 to
110 mg frozen visceral adipose using the miRNeasy Kit
(Qiagen), and cDNA was synthesized from 2 pg total RNA
using ABI’s TagMan RNA-to-Ct Kit (Life Technologies).
gRT-PCR was performed on 25 ng cDNA in a 10 pl
reaction (2.5 ng for 18S only) using single tube inventoried
TagMan probes and TagMan Gene Expression Master
Mix (Life Technologies) using the same primer sequences
described in colon.

For C57BL6/J fat, total RNA was extracted from
~ 100 mg frozen visceral adipose tissue using Direct-zol
RNA MiniPrep Plus kit (Zymo research, cat. R2070),
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and cDNA was synthesized from 0.5 pg total RNA using
the High Capacity RNA-to-cDNA Kit (Applied Biosys-
tems, cat. 4387406). qRT-PCR was performed on 12.5 ng
c¢DNA in a 10 pl reaction using SsoAdvanced Universal
SYBR Green Supermix (Biorad cat. 1725271).
gRT-PCR reactions were carried out on an Applied
Biosystems, Inc. 7900HT Fast Real-Time PCR System
(Life Technologies) or a CFX384 Real Time System (Bio-
Rad). The AACt (ABS) or AACq (Bio-Rad) methods were
used to calculate fold change for each respective gene.
qRT-PCR for Rpl22 and Rp/221] was performed on 25 ng
cDNA in a 10 pl reaction using SYBR Green (Biorad cat.
1725271) using the same primers as described for colon.
Fold changes were graphed and analyzed using an
unpaired -test in Prism 6 (GraphPad Software).

Results and discussion

Local and systemic rapamycin concentrations

We assessed rapamycin concentration in colon, visceral
fat, and blood for C57BL/6 female mice (607—627 days old)
fed a low (14 ppm) and high (42 ppm) eRapa-containing
diet for 42 days and for fat in UM-HET3 mice fed 14 and
42 ppm diets for an average of 5.4 months beginning at
an average age of 3.6 months. These diets were shown to
extend the life span for Apc™™ * mice (7) and wild-type
UMHET3 mice in a dose-dependent manner (6). The
enteric microcapsules used to deliver rapamycin (Eudragit
S100) are designed to release the drug in the large bowel in
people (30); therefore, we studied eRapa’s effect on various
tissues to understand local and systemic concentrations.
We chose to analyze colon as a follow-up to our previous
study of small intestine in C57BL6 mice (7). We also
analyzed fat since we previously showed its responsiveness
to chronic eRapa (3), and because of the important role
it plays in nutrient homeostasis and energy balance (31)
and in aging (32).

Average values for rapamycin concentrations in the
blood were 37.3+4.7 and 170.2 4+ 10 ng/ml, for C57BL/6
mice fed diets containing 14 and 42 ppm rapamycin,
respectively (Fig. la). In C57BL/6 colon, average levels
were 303.5+26.1 and 687.3 +77.4 parts per billion (ppb)
(Fig. 1b) for the 14 and 42 ppm diets, respectively. Our
previous study documented the rapamycin concentration
in the proximal and distal small intestine of C57BL/6
mice; these values for the high dose were 266.7 +26.35
(n=5) to 1,488+141.6 (n=5) ppb, respectively (7).
Collectively, these data indicate that the drug-release
profile of Eudragit S100 in mice includes both the small
and large intestine, with distal small intestine being the
apparent area of highest release.

To assess the possibility that eRapa resulted in rapamy-
cin accumulation in internal organs, we measured rapa-
mycin concentration in visceral fat from C57BL/6 mice.
We found average rapamycin levels were 35.12 +3.354 ppb
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Fig. 1. Pharmacokinetics of eRapa treatments. (a) Rapamycin blood levels of C57BL/6 mice at 607—627 days of age (42 days on eRapa

diets, which averaged 37.3 +4.7 and 170.2 + 10 ng/ml for the 14 a
303.5+26.1 and 687.3 +77.4 ppb for the 14 and 42 ppm diet-fed
are shown as zero ppb; most samples were recorded as <2.0; ho

nd 42 ppm group, respectively). (b) Colon levels of rapamycin averaged
groups. In these graphs, tissue data points for 0 ppm rapamycin in diets
wever, one assay recorded samples from <3 to 11.9 in colon. (c and d)

Visceral adipose levels in fat from C57BL/6 mice was 35.1243.354 ppb for the 42 ppm diet, while they averaged 15.47+3.052 and
25.58 +£7.011 ppb for the 14 and 42 ppm diets in UM-HET3 mice, respectively.

for the 42 ppm diet (Fig. 1c). Similarly in UM-HET3
mice, we measured 15.47 +3.052 and 25.58 +7.011 ppb for
the 14 and 42 ppm diets, respectively (Fig. 1d). Therefore,
eRapa clearly delivers rapamycin to internal tissues and
organs through a systemic delivery and likely at a lower
concentration than that resulting from local release in
the intestine.

eRapa’s impact on mTORC1

We assayed rapamycin effects on mTORCI1 downstream
signaling in the colon beginning with levels of rpS6
Ser240/244 phosphorylation. In our mTORCI tissue immu-
noblot assays, we interpret the ratio of phosphorylation-
dependent anti-rpS6 Ser240/244 antibody integrated
intensity quantities (I.I. K counts, see Methods) relative
to phosphorylation state-independent counts to reflect
changes in the ratio of phosphorylated protein to total
at the time of tissue dissection and lysate preparation.
We also infer that total protein intensity counts relative
to actin antibody intensity counts reflect their ratio in
tissues at the same time. Figure 2a shows representative
immunoblot images for the effectors we assayed, along
with individual rapamycin concentrations in blood
and colon below the blot lanes for each individual mouse
assayed. As expected, eRapa represses Ser240/244 phos-
phorylation in a dose-dependent manner (Fig. 2b) with
insignificant effects on rpS6 levels compared to actin
(Fig. 2¢). In a separate pharmacodynamic experiment,
Supplementary Fig. 1 shows immunoblot images with
the gel lanes rearranged to reflect increasing rapamycin
levels in colon (shown below the blot images). Also
shown below are rapamycin blood levels and the ratio of
intensity values for rpS6 Ser240/244 phosphorylation
signal to total rpS6 intensity values. Note the steep
decline in the ratio of phosphorylation-dependent signal
to phosphorylation-independent signal (total rpS6)
as rapamycin concentration increases up to 86 ppb in
colon at which point the ratios level off (graphed in
Supplementary Fig. 1). We interpret this to indicate that
about 80—100 ppb rapamycin maximally represses the
mTORCI1 -»S6K1 —-rpS6 axis in colon. Note that colon

levels of rapamycin do not strictly correlate with blood
levels. We also point out that our lysates represent a mixed
population of cells, for which there could be different effects
on different cell locations and types. Since each lane in
this experiment represents the response of an individual
mouse, this approach does not take into account variation
in individual responses to rapamycin. Because the responses
in Ser240/244 phosphorylation in Fig. 2a and b are fairly
uniform at colon concentrations of 262 ppm and above
(4 mice on mid-dose and 5 on high dose), we feel our
interpretation in Supplementary Fig. 1 is valid. Thus,
chronic eRapa treatment decreased mTORCI —S6K1 —
rpS6 signaling in the colon as expected.

Next, we assessed the status of eIF4E and its repressor,
4E-BP1. Inhibition of mTOR alters the phosphory-
lation status of the eIF4F components, one of which is
elF4E Ser209 (33). This site is phosphorylated by MNK
[MAPK (mitogen-activated protein kinase)-interacting
kinases) 1/2, and the Rass/MAPK pathway regulates this
catalytic activity. The phosphorylation of eIF4E and
MNKSs plays an important role in tumorigenesis, most
likely by regulating the translation of specific mRNAs
(34,35). Interestingly, phosphorylation of MNKs appears
necessary for oncogenic transformation but dispensable
for development making pharmacologic inhibitors of eIF4E
phosphorylation attractive as anti-cancer agents (36,37).
Of interest, rapamycin enhanced eI[F4E phosphorylation
in several cell lines (38—42).

In contrast to the cell culture-based results, we find
insignificant changes in eIF4E Ser209 phosphorylation in
long-term eRapa-treated colon tissue at the 14 and 42
ppm dose (Fig. 2d). Interestingly, 42 days of eRapa
treatment increased eIF4E levels relative to actin at the
14 ppm dose, but was more variable at the 42 ppm dose
(Fig. 2e). Since increased levels of eIF4E are considered
tumorigenic (23), this suggests a trend toward a pro-
growth state in the colon of chronically eRapa-treated
mice. Also unexpectedly, we observed an increase in 4E-
BP1 Thr37/46 phosphorylation in response to chronic
eRapa treatment (Fig. 2f), which would tend to deactivate
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Fig. 2. Pharmacodynamics in colon of C57BL/6 mice fed diets containing variable levels of eRapa. (a) Western blot with the indicated
antibodies. Below each lane, we show the levels of rapamycin in the colon and blood. (b) Graphs the ratio of intensity values for the
phosphorylation state-dependent signal (P(240/244)rpS6) to phosphorylation state-independent (rpS6) signal. (c) The rpS6 to actin
antibody signal. (d) Graph showing the ratio of intensity values for the phosphorylation state-dependent signal (Ser209) to
phosphorylation-independent signal of eIF4E. (e) Ratio of eIF4E to actin. (f) Ratio of phosphorylation state-dependent signal 4E-BP1
(Thr37/46) to phosphorylation-independent intensity values. (g) Ratios of 4E-BP1 to actin. (h) Ratios of eIF4E to 4E-BP1.

its repressive potential and promote an increase in eIF4E-
sensitive mRNA translation. For resistance to active site
inhibitors and clinical response to mTOR inhibition,
Alain et al. (43) proposed that the ratio of eIF4E to its
repressor, 4E-BP1, is more important than their indivi-
dual levels or phosphorylation status. Fig. 2g indicates
a significant increase in 4E-BP1 levels relative to actin
at the 14 ppm dose with the same trend at the 42 ppm
dose. However, our results indicate a significant increase
in the elF4E/4E-4E-BP1 ratio in chronically eRapa-
treated colon (Fig. 2h). Based on Alain et al.’s model
of mTOR inhibitor resistance in transformed MEFs,
HelLa, SK-HEP-1, and HepG2 cancer cells (43) and
further supported in breast cancer cells (44), these results
suggest the possibility of a ‘chronic rapamycin-resistant’
state with respect to the eIF4E/4E-BP1 axis, which might
or might not translate to a pro-growth ‘pseudo-anabolic’
state. Regardless, a pro-growth state in rapamycin-treated
intestine runs counter to reduced polyp formation we
found in ApcM™ * mice (7).

Rebound activation of oncogenic Akt signaling in re-
sponse to rapamycin or rapalogs (18,45) represents a
significant clinical concern and may be an additional basis
for rapamycin resistance (46). Supplementary Fig. 2A
shows representative immunoblot images of our assays. In
response to long-term eRapa treatment in the colon,
quantification intensity data indicate little change in Akt

Ser473 phosphorylation (Supplementary Fig. 2B) or
levels of Akt except for 3 of the 5 mice fed the 42 ppm
diets, which show decreased levels of Akt (Supplementary
Fig. 2C). We also observed this pattern in small intestine
(7). Therefore, rebound activation of potentially onco-
genic Akt signaling does not appear to be an issue with
chronic eRapa. Conversely, we do not detect diminution of
mTORC?2 activity (as indicated by Akt Ser 473 phosphor-
ylation), which might be detrimental according to the
model proposed by Lamming et al. (47).

For studies involving intermittent rapamycin treatments
(such as NCI-2012-01995, SWOG-S1207 breast cancer
trial with a one-year treatment), a withdrawal of an mTOR
inhibitor during such a pro-growth state might be tumori-
genic. Understanding these adaptive responses to chronic
rapamycin exposure in colon (and other organs) clearly
requires further studies. In addition, our results suggest
that responses to rapamycin in tissue culture do not always
translate to in vivo tissue responses, especially with mid- to
long-term treatment settings. This difference could reflect
the short-term nature of most tissue culture studies or
could reflect cell-type-specific responses.

eRapa’s impact on RiBi

To expand our understanding of the effects of chronic
rapamycin in colon, we performed RNA profiling
experiments. Based on the significant reduction of rpS6
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240/244 phosphorylation by eRapa (Fig. 2b) and the
demonstration by Chauvin et al. (26) that S6K1 —-rpS6
controls the ribosome biogenesis transcriptional pro-
gram, we first analyzed the profiles of mRNAs encoding
ribosomal protein genes (RPGs). Figure 3 shows an
unfiltered heat map for RPG mRNA levels in the colon
in response to high-dose rapamycin. One gene that did
not appreciably change is Rps6 (arrow 1), in agreement
with protein levels in Fig. 2b. However, note the striking
upregulation in the upper and lower quadrants of the
heat map. An interesting example in the top group is
ribosome protein L22 like 1 (Rp/2211) mRNA (arrow 2),
which encodes a paralog of Rpl22 (arrow 3). These
mRNAs and their products are of interest since studies
identified specific functions of Rpl22 in T- and B-cell
development in mice (48,49). Additionally, Zhang et al.’s
(50) studies indicated that Rpl22 and Rpl2211 are critical
for T-cell development in zebrafish and are functionally
antagonistic in the regulation of hematopoietic stem
cells. Additionally, depletion of Rpl22 was documented
in cancer (51). qRT-PCR validated the increase in the
Rp2211 mRNA (Fig. 3b). Based on our array data, Rpl22
mRNA levels increase marginally (arrow 3), also quanti-
fied by qRT-PCR (Fig. 3c). Interestingly, O’Leary et al.
(48) proposed that Rpl22 regulates the expression level
of paralog, Rpl2211, by binding to a hairpin in exon
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2 of its mRNA. They also showed incorporation of
both paralogs into ribosomes. Our data suggest that one
adaptation to chronic rapamycin by colon may include
an altered large subunit ribosome composition, in addi-
tion to an overall increase in mRNAs encoding ribosomal
proteins.

We next asked if RPG upregulation by FKBP-
rapamycin is an intestine-specific response by examining
their profile obtained from visceral adipose in mice fed
42 ppm eRapa diets. The heat map in Fig. 4a shows a
general upregulation of most RPG in response to chronic
eRapa treatment in fat, including rpS6 (Fig. 4a, arrow 1).
This does not agree with rpS6 protein levels which tend to
decline in fat (Fig. 4b), but which is accompanied by a
significant dose-dependent inhibition of rpS6 phosphor-
ylation relative to total protein (Fig. 4c). Opposite to
colon, we observe a decrease in elF4E relative to actin at
the 14 ppm dose and the same trend at the higher dose
(Fig. 4d). However, at the lower dose, we observe a
significant increase in the ratio of eIF4E to 4E-BP1 with
the same trend seen at the higher dose (Fig. 4e). One
potential reason for the increase in elF4E:4E-BP1 is a
tendency toward a decrease in 4E-BP1 relative to actin at
the 14 and 42 ppm doses (Fig. 4f). Curiously in this
setting, we observe that the level of the rp/22 mRNA
relative B2M (Fig. 4a, arrow 3) appears to be higher than
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Fig. 3. Rapamycin effects on ribosomal protein genes (RPGs) in colon of eRapa-fed mice. (a) Unfiltered heat maps comparing mRNA
levels in mice fed 0 or 42 ppm diets. The arrow labeled 1 shows rpS6, arrow 2 indicates the upregulation of rp/22/] and rpl22, all of
which we discuss in the text. We interpret these data to indicate a trend toward overall upregulation of these mRNAs. Asterisks indicate
canonical pathway genes identified by IPA analysis and are discussed in the text. Visualized data are baselined to the median and log 2
transformed. From 0 to —0.5 would be a 1.5-fold change. (b) and (c) Graphs showing qRT-PCR results normalized to (actin) of

Rpl2211 and Rpl22, respectively.
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Fig. 4. Rapamycin effects on RPGs in visceral adipose of eRapa-fed mice. (a) Unfiltered heat maps comparing mRNA levels in mice fed
0 and 42 ppm diets. The arrows point to the same genes shown in Fig. 3. Visualized data are baselined to the median and log 2
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for Rp/2211 and Rpl22, respectively.

rpl2211 (Fig. 4a, arrow 2), which is opposite to the
response to colon. qRT-PCR validated these results in
UM-HET3 mice (Fig. 4g and h), but not in C57BL6/J
mice (Fig. 4i and j), which had higher tissue levels of
rapamycin (Fig. 1c compared to Fig. 1d). A caveat of our
fat RNA genomic and other data is that we acquired it
using UM-HET?3 mice as opposed to the C57BL/6 mice
used to collect tissue data. Thus, strain-specific differences
appear be an element in responses to chronic rapamycin.

Unexpectedly, microarray data indicated that 18S
rRNA levels increased in response to 42 ppm eRapa
treatment (Fig. 5a), which we also validated by qRT-PCR
in colon (Fig. 5b) and distal small intestine (Fig. 5c).
Thus, in colon (and likely small intestine), the overall
increase in RPG mRNAs aligns with an increase in 18S
rRNA. Our ribosomal RNA result runs counter to the
prevailing notion that rapamycin inhibition of mTORCI1
leads to lower 18S rRNA (27,28). However, in fat, we
observed the expected decline in 18S rRNA in response
to chronic rapamycin (Fig. 5d), consistent with the
difference in Rpl2211 and Rpl22 responses in Fig. 5b.
Thus, colon responses included an increase in both RPG
mRNA and 18S rRNA levels, while in fat we observed an
increase in some RPGs, but a decrease in 18S rRNA. The
reason we see a more coordinated response in colon, but
a less coordinated response in fat is not understood,
although fat has a 27-fold lower rapamycin tissue level
than colon (Fig. 1). Different mouse strains (C57BL/6 vs.
UM-HET?3) could also be an explanation. At this stage of

our studies, we cannot distinguish between the possibi-
lities that the overall increase in RPG mRNAs could
represent an increase in RNA Pol II transcription rate or
a decrease in mRNA turnover (52). The changes in 18S
rRNA could represent an increase (colon) or decrease
(fat) in Pol I transcription, an alteration of 18S proces-
sing (53) or altered half-life (54).

eRapa’s impact on canonical pathways

An IPA® analysis of all genes in the colonic response to
chronic rapamycin identified several canonical pathways
including decreases in phosphatidylcholine, phosphatidy-
lethanolamine, and cholesterol biosynthesis I, I, and III.
Of interest to the present discussion, IPA® identified an
upregulation of elF2 signaling [ —log(p-value) = 1.12E00
9.95E-03]. elF2 promotes recruitment of the initiator
methionyl-tRNA to the 40S ribosome subunit, which it
requires for locating the start codon. Cellular responses
to an insufficiency of amino acids are regulated via eiF2/
elF2B [reviewed by Proud (20)]. Affected RiBi molecules
in colon identified by IPA® include Rn18s (18S rRNA,
Fig. 5a—c), Rpl22l1, and Rpl4 and striking downregula-
tion of Rpl23 (Fig. 3, asterisks). Interestingly, an IPA
analysis of liver from 14 ppm eRapa-fed C57BL/6 mice
by Karunadharma et al. (55) also identified the eIF2 as
an affected pathway, and heat maps showed a general
upregulation of RPBs in young and older mice, in basic
agreement with our data. The downregulation of Rpl221]
was a notable exception in their study, but in agreement
with our analysis of kidney (data not shown).
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Fig. 5. Rapamycin effects on 18S ribosomal RNA in colon of eRapa-fed C57BL/6 mice. (a) Graphic comparison of the normalized
intensity values for 18S rRNA as quantified by microarray analysis. (b—d) Graphs showing fold changes in rRNA by qRT-PCR
normalized to B2M mRNA in response to 14 and 42 ppm diets in colon (b), small intestine (c), and adipose (d).

Our studies raised many questions, for example, what
cell types are responsible for our observations in colon and
fat, and could this explain the difference in responses to
rapamycin? What, if any, changes in the ribosome profile
does FKBP-rapamycin effect in these tissues? And, how
does rapamycin regulate mRNA levels for Rp/2211 and
Rpl22, and does this translate to the protein/ribosome
level? How do our observations translate to prevention of
polyp formation and a normal life span in Apc™™ * mice?
And, are intestinal crypt stem cells a target for this effect,

as the results of Yilmaz et al. (56) might suggest? Finally,
are patients on rapamycin/rapalog therapy at risk for
cancer development and progression when taken off
the drug?

An important question raised during the review of this
manuscript is ‘which strain might provide better transla-
tional data depending on the experimental objectives?’
Miller et al. (57) provided a compelling rationale for
use of UM-HET3 rather than inbred mice to screen for
agents that extend life span studies conducted by the
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Intervention Testing Program (ITP). They argued that the
use of genetically heterogeneous mice would help ‘to avoid
missing true positive effects of agents that might fail to
work in a specific inbred genotype, and to reduce the
chance of giving undue emphasis to an agent that might
work only in the specific inbred stock selected’. To this end,
the ITP has been very successful having identified several
drugs that extend life span, including acarbose (58) and the
eRapa used in this study. Flurkey et al. (59) compared
diet restriction of UM-HET3 with a standard F1 hybrid
(CByB6F1/J) and reported the same increases in mean and
maximum life span in both. These authors stated that
their results ‘support the use of a genetically mixed model,
with reproducible allelic composition, for studies in aging
research’. Understanding that no genetic composition is
perfect, if the experimental objective is to test for an
intervention in the aging process, UM-HET?3 mice would
appear to be a good choice.

If the experimental objective is uncovering the mechan-
ism(s) of action of rapamycin as an anti-aging agent, inbred
strains (and their cells) amenable to genetic manipulation
might be preferable. This would be especially important
in studies of specific processes and diseases associated
with aging. An ability to make specific genetic alternations
in these pathways in cells (and then mice) studied under
defined conditions will be useful in understanding rapa-
mycin effects on life span. Similar approaches in other
important pathways might lead to new targets for novel
agents for testing in UM-HET3. Thus, we believe that
testing in multiple genetic backgrounds will lead to a
clearer picture of aging and how to ameliorate its effects.

We and others are actively pursuing these and other
questions in the fast expanding field of mTOR biology to
identify additional anti-aging and anti-cancer targets, which
should then be tested in multiple genetic environments.
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