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Abstract

Background & Aims—The immunosuppressant rapamycin frequently causes non-infectious
diarrhea in recipients of organ transplants. We investigated the mechanisms of this process.

Methods—We performed a retrospective analysis of renal transplant recipients treated with
rapamycin from 2003 through 2010 at Albany Medical College, collecting data on serum levels of
rapamycin. Levels of the Na+/H+ exchanger 3 (NHE3) were measured in human ileal biopsies
from patients who did and did not receive rapamycin (controls), in ileum tissues from rats or mice
given rapamycin, and in mice with intestine-specific disruption of Mtor (mTOR™':Villin-cre mice)
or Atg7 (Atg710%/flox - \jjflin-Cre). Exchange activity and intestinal water absorption were
measured using a pH-sensitive dye and small intestine perfusion, respectively.

Results—Episodes of non-infectious diarrhea occurred in organ recipients following increases in
serum levels of rapamycin. Expression of NHE3 was reduced in the ileal brush border of patients
with diarrhea. In rats and mice, continuous administration of low doses of rapamycin reduced
levels of NHES3 in intestinal tissues; this effect was not observed in mice with intestinal deletion of

"Correspondence to: Xinjun Cindy Zhu, MD, Department of Medicine/Division of Gastroenterology, Center of Cardiovascular
Sciences, Albany Medical College, 42 New Scotland Avenue, Albany, NY 12208, Ph (518) 262-5276, Fax (518) 262-6470,
éhux@mail.amc.edu.

equal contribution.
Disclosures: no disclosure

Contributions: YJ and XZ: data acquisition and analysis. PA, AGS, P R and DM: chart review. CD, JM, and JD: material support.
HYF and ZXJ: study concept and design, data interpretation and manuscript preparation.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al. Page 2

ATG7, indicating that autophagy is required for the reduction. Administration of single high doses
of rapamycin to mice, to model the spikes in rapamycin levels that occur in patients with severe
diarrheal episodes, resulted in reduced phosphorylation of S6 and AKT in ileal tissues, indicating
inhibition of the mTOR complex (MTORC1 and mTORC?2). Intestines of mice with intestine-
specific deletion of mTOR were dilated and contained large amount of liquid stools; they also had
reduced levels of total NHE3 and NHERF1, compared with control mice. We observed a
significant reduction in Na*/H* exchange activity in ileum tissues from these mice.

Conclusions—Rapamycin inhibition of mTOR reduces levels of NHE3 and Na*/H* exchange
activity in intestinal tissues of patients and rodents. This process appears to require the autophagic
activity mediated by ATG7. Loss of mTOR regulation of NHE3 could mediate the development of
diarrhea in patients undergoing rapamycin therapy.

Keywords
transplantation; sodium transport; mTOR; immunosuppression

INTRODUCTION

Non-infectious diarrhea is a gastrointestinal symptom frequently associated with the use of
immunosuppressants, such as rapamycin, in organ transplant recipients and can lead to
adverse post-transplantation outcomes, including graft loss and death®. The incidence of
rapamycin-associated diarrhea is from 2% to 38%, and appears to be dose-dependent?- 3.
Although rapamycin is known to cause malabsorption and weight loss?, the pathological
mechanisms causing the diarrhea are unknown.

The mammalian target of rapamycin (mTOR) has been implicated in various cellular
processes®. mTOR resides in two distinct signaling complexes (NTORC1 and mTORC?2), in
which mTORC1 regulates protein translation and autophagy activity®, whereas mTORC2
acts as a phosphoinositide-dependent kinase (PDK)-2 to directly regulate Akt activity®.
Rapamycin is a potent mTOR inhibitor and inhibits mMTORC1 at low concentrations, but also
inhibits mTORC?2 at higher concentrations’. The mTOR pathway, particularly mTORC1,
helps to maintain the structure of the mammalian intestinal mucosa® and is important in stem
cell self-renewal®. Inhibition of mTOR by rapamycin has been shown to disrupt intestinal
growth and regeneration in healthy animals® 10,

mTOR is a regulator of autophagy, the process which mediates the turnover of intracellular
proteins and organelles via lysosomal degradation and plays a role in cell survival during
nutrient deprivation!. Rapamycin has been shown to activate autophagy via inhibition of
mTORC112, Defects in autophagy, such as caused by deletion of either the Atg5 or Atg7
gene, result in the formation of aberrant Paneth cell granules?3.

NHES3 is an abundant intestinal epithelial brush-border Na*/H* exchanger protein located on
the apical membrane of enterocytes where it facilitates neutral NaCl absorptionl4-16, NHE3
activity is highly regulated under both physiological and pathophysiological conditions?’.
Mice with NHE3 deletion develop diarrhea with increased fluid in the small intestine and
colon, suggesting that NHE3 is essential for intestinal sodium absorption and water
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homeostasis!® 18 19, One of the mechanisms of NHE3 stimulation is through Akt2-
dependent ezrin phosphorylation, which leads to NHE3 activation??: 21, NHERF1and
NHERF2 are also necessary for NHE3 regulation22: 23,

In this study, we demonstrate a novel role for the mTOR/autophagy pathways in NHE3
regulation. These findings may provide insights into the underlying mechanisms of
rapamycin-associated diarrhea commonly observed in post-transplant patients.

MATERIALS AND METHODS

Chart Review

Clinical charts of renal transplant recipients treated with rapamycin from 2003 to 2010 at
Albany Medical College (AMC) were retrospectively reviewed via a study approved by the
AMC Institutional Review Board (Fig. 1 and S1).

Human Tissue Selection and Immunostaining

Paraffin blocks containing tissue biopsies of the terminal ileum were obtained from 11 renal
transplant patients on rapamycin referred for colonoscopy to evaluate diarrhea and from 10
control patients. All tissues were identically processed (S3).

Animals

Three-week-old male Sprague-Dawley rats (Taconic), mTORf(B6.12954-Mtortm1.2Koz/
mTOR) and villin-cre (B6.SJL-Tg(Vil-cre)997Gum/J) (Jackson laboratory), and Atg7flox/flox
mice24 were housed in the AMC Animal Resource Facility (S4).

Rapamycin Treatment

Four- to 8-week-old rats or mice were treated intraperitoneally with rapamycin (Tecoland
Corp., Irvine, CA) at either 5 mg/kg/day or vehicle (5% Tween-20 and 4% ethanol) for 2
weeks to model chronic treatment or a single dose of 20 mg/kg for 2 h to evaluate acute
high-dose effects.

Isolation of Intestinal Epithelial Cells

Intestinal epithelial cells were prepared as described with a slight modification2> (S5).

Tissue Biotinylation and Western blot

lleal tissues were collected for biotinylation, followed by lysis. Biotinylated plasma
membrane proteins were pulled down by neutravidin-agarose beads (Thermo Scientific).
Protein lysates were used for western blot (52, S6 and S7).

Immunohistochemistry

Rat and mouse ileal tissues were harvested, followed by fixation and embedding. Twenty-
micron sections were collected, followed by immunofluorescence staining as described (S8).
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Measurement of Na*/H™ Exchange Activity

NHE3 exchange activity was measured and analyzed as described previously (S9 &
311)20, 26, 27_

Statistical Analysis

Data will be analyzed by GraphPad Prism version 5 using either student t-test or one-way
ANOVA as appropriate.

RESULTS

Serum Rapamycin Levels and Diarrhea

We performed a chart review of all patients who received renal transplantation at AMC
during 2003-2010 and were given rapamycin as a post-transplant immunosuppressant. Of
367 records screened, 20 patients had 39 events of acute, severe diarrhea requiring
hospitalization (some admitted more than once) (Figure 1a). All 20 patients had no evidence
of infection, recent medication changes, and graft-versus-host disease, with ages ranging
from 26 to 68 years old. Twelve patients were female (S1). Eleven patients had colonoscopic
biopsies that revealed normal histology of the terminal ileum. Figure 1b presents serum
rapamycin data from a single renal transplant patient admitted for severe watery diarrhea and
illustrates our general observations concerning serum rapamycin levels and the development
of diarrhea. This patient’s serum rapamycin was 18.5 ng/ml at the time of diarrhea compared
to his average baseline of 7 ng/ml. The diarrhea resolved shortly after the patient’s
rapamycin levels returned to baseline.

In all 39 diarrheal episodes, rapamycin levels at the time of diarrhea were significantly
elevated, ranging from 2—7 times the baseline levels (Figure 1c). In all cases, diarrhea
resolved within 3-5 days after the serum rapamycin levels returned to baseline. Of the 20
patients with acute severe diarrhea, 12 were also co-administered tacrolimus, but the serum
levels of tacrolimus did not significantly differ from their average baseline levels (Figure
1d).

NHE3 Expression in Rapamycin-treated Transplant Patients

Mice with NHE3 knockout developed diarrhea, suggesting a role for NHE3 in intestinal
sodium absorption and water homeostasis!®. We hypothesized that rapamycin might
interfere with NHE3 expression in the intestine of patients with acute diarrhea. We acquired
fixed biopsy tissues from the Pathology Department, including terminal ileal biopsies from
11 renal transplant patients who developed diarrhea with spikes of serum rapamycin level, as
well as from 10 adult control subjects. Biopsy tissues were acquired via colonoscopy at the
time of the diarrheal episode from 11 transplant patients, and DAB (diaminobenzidine)
staining revealed a marked reduction of NHES3 at the apical membranes in ileal biopsies.
Quantification of apical/apical+cytosol NHE3 revealed an approximately 25% reduction of
that ratio in rapamycin-treated patients compared to control subjects (Figure 2, S3),
suggesting that apical NHE3 expression appears to be down-regulated by rapamycin.
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Effect of Rapamycin on NHE3 Expression in Rats

We employed a rat model to confirm that expression of NHE3 was down-regulated by
chronic use of rapamycin. Sprague-Dawley rats were treated with rapamycin at 5mg/kg for
14 days, a dose that is sufficient to inhibit mTOR activity and to generate an anti-rejection
effect?8 29, |leal tissues were harvested from control and rapamycin-treated rats. There was
a significant reduction in total NHE3 in the ileum of rapamycin-treated rats (Figure 3a—b).
This effect could reflect a general inhibition of protein translation or an increase in turnover
of NHE3. However, we found no significant reduction of the amount of other proteins,
including Ezrin, NHERF1, and CFTR (Figure 3a-b). Notably, NHERF1 and Ezrin are
NHE3-associated proteins that regulate NHE3 membrane-targeting?® 30, NHE3 reduction
was accompanied by inhibition of phosphorylation of ribosomal protein S6 (p-S6), an
indicator of mTOR activity (Figure 3a—b). The levels of phospho-Ezrin (p-Ezrin) and
phospho-Akt (serd73) (p-Akts*73), proteins that have previously been reported to regulate
NHE3 activity?%: 21 were not significantly altered by chronic exposure to rapamycin (Figure
3a-h).

To further evaluate the effects of rapamycin on NHES3, a tissue surface biotinylation assay
was developed to quantify the apical expression of NHE3. Plasma membrane proteins were
biotinylated and the surface levels of NHE3 were analyzed by western blot. \We observed
that surface NHE3 was decreased in the rapamycin-treated group compared to controls
(Figure 3c—d). Immunohistochemistry revealed that, while NHE3 was concentrated at the
apical membrane of the ileal villus cells in control rats, a significant reduction of apical
NHE3 was noted in rats treated with rapamycin (Figure 3e). Notably, rapamycin did not
appear to significantly alter total NHERFL1 levels (Figure 3a—b). However, there was a
reduction in the amount of NHERF1 in the membrane fraction, as evidenced by the reduced
recovery of NHERF1 among the avidin-biotinylated proteins (Figure 3c—d).

Autophagy and NHE3 Expression

Rapamycin is a potent activator of autophagy, a process that turns over intracellular
organelles and membrane receptors3!. We evaluated the effect of rapamycin on autophagy
activity in rat ileum by using the ubiquitin-binding protein p62/SQSTM1, which is degraded
by autophagy and frequently used as a marker of autophagic activity32, Western blotting
revealed a significant reduction of p62 in rat ileum treated with rapamycin (Figure 3f). Also
the conversion of LC3I to LC3II, another marker of autophagic activity33, was significantly
higher in rapamycin-treated animals than in controls (Figure 3f). Thus, long-term rapamycin
exposure stimulates autophagy in the intestine. To verify an association between autophagy
and the expression of NHE3, a mouse line was created with deletion restricted to intestinal
epithelial cells of the autophagy gene Atg7 (Atg7f1oX/flox: \/jllin-Cre) (Atg7 /). The Atg7 /-
mice were viable, and Atg7 was verified to be deleted in intestinal epithelial cells as Atg7
RNA was almost undetectable in isolated intestinal epithelial cells of these mice (Figure 4a).
Western blot revealed that p62 was detectable in adult control mice, but showed moderate
accumulation in Atg7~~ mice, and rapamycin appeared to have little effect on p62 levels in
control and Atg7~~ mice (Figure 4b), suggesting p62 is less sensitive to rapamycin in the
mice. Although the level of LC3I11 was low in control mice, it was nearly absent in intestinal
epithelial cells of Atg7~/~ mice (Figure 4b), supporting the observation that ablation of Atg7
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resulted in inhibition of autophagy. Rapamycin treatment promotes conversion of LC3I to
LC3Il, as indicated by the ratio of LC3II/LC3I in control mice. However, LC3II remains
absent in Atg7~/~ mice treated with rapamycin, confirming that deletion of the Atg7
autophagy gene nullifies the stimulatory effect of rapamycin on autophagy.

We next evaluated the effect of inactivation of autophagy on NHE3 expression. We observed
a robust (6-fold) elevation of total NHE3 in the intestinal epithelial cells of Atg7~/~ mice
(Figure 4c—d), suggesting that basal autophagy is strongly involved in regulating NHE3
under basal conditions. As observed, rapamycin treatment reduces NHE3 levels in intestinal
epithelial cells from control mice. In contrast, the amount of NHE3 in epithelial cells of
rapamycin-treated Atg7 '~ mice remained 3-fold higher compared to that of control mice.
Thus, deletion of Atg7 appears to partially block the ability of rapamycin to reduce NHE3
levels, suggesting linkage between rapamycin-mediated stimulation of autophagy and down-
regulation of NHE3. We also observed a moderate elevation of total NHERF1 in Atg7~/~
mice. While rapamycin reduced NHERF1 expression in control mice, it had no significant
effect in Atg7~/~ mice. Likewise, there was no statistically significant impact on the levels of
Ezrin and p-Ezrin. The levels of surface NHE3 and NHERF1 in the membrane fraction were
further evaluated. There was an approximately 4-fold increase in surface expression of
NHE3 in Atg7~~ mice. Rapamycin treatment reduced surface NHE3 expression in both
control and Atg7~/~ mice. However, the levels of surface/total NHE3 remained higher in
rapamycin-treated Atg7~/~ mice (Figure 4c—d). Immunohistochemistry revealed a significant
increase of apical NHE3 in Atg 77/~ mice (Figure 4e—f). NHERF1 in the membrane fraction
was also increased in Atg7~/~ mice, which appears to be unaffected by rapamycin treatment
(Figure 4d).

Effect of High Doses of Rapamycin on NHE3 Expression in Mice

Although our cohort of renal transplant recipients was continuously treated with rapamycin,
diarrhea occurred only when the serum rapamycin levels were acutely increased (Figure 1).
We therefore examined if high levels of rapamycin have an adverse impact on NHE3
expression. Previous studies have reported that low doses of rapamycin (0.5-100 nM) inhibit
mTORC1 and stimulate autophagic activity®. However, at high doses (0.2-20 uM)
rapamycin also inhibits mMTORC2, which leads to decreased phosphorylation of Akt at
Ser73, resulting in Akt inactivation’: 34, To simulate the serum spikes (2—7 times basal
levels) observed in patients on rapamycin therapy, mice were treated with a single high dose
of rapamycin (20 mg/kg). lleal tissues were harvested 2 h after dosing and analyzed by
western blot. Significant down-regulation of phosphorylation of both S6 and Akt (at Ser473)
was observed (Figure 5a-b), suggesting that both mTORC1 and mTORC?2 are inhibited at
higher doses of rapamycin. Interestingly, acute exposure to high doses of rapamycin had
little effect on the total levels of NHE3 and NHERF1 (Figure 5a—b). However, we observed
markedly decreased levels of surface NHE3 and NHERF1 in the membrane fractions (Figure
5a-b).

Effect of Rapamycin on NHE3 Activity in PS120 Cells

To determine if rapamycin has a direct inhibitory effect on NHE3 exchange activity, we used
PS120 cells that were stably transfected with HA-human NHE3 and NHERF2, as NHERF2
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is required for many aspects of regulation of NHE3 activity22 23. 30, Acute treatment with
rapamyecin at 200 nM resulted in a 36% and a 64% decrease in Vimaxin NHE3 transporter
activity as well as a 1.5- and 2.6-fold increase in Km at 20 min and 30 min, respectively
(Figure 5c—e).

NHE3 Expression in mTOR-Deficient Mice

Having demonstrated that chronic inhibition of mTOR by rapamycin reduces the total levels
of NHE3, and acute inhibition of mTOR at higher doses of rapamycin reduces surface levels
of NHE3, we next investigated if reduced NHE3 expression is through direct inhibition of
mTOR in intestinal epithelial cells. We generated mTOR:Villin-cre (InTOR™~) mice to
delete mTOR conditionally in intestinal epithelial cells (Suppl. Fig 1). Animals were viable.
However, about 30% of them displayed low body weight compared with control mice from
the same dam, suggesting growth stunting (Figure 6a). Interestingly, these mice also
exhibited dilated intestines (approximately twice normal size), containing large amount of
liquid stools (Figure 6a). Intestinal epithelial cells were isolated from the ileum of mTOR™~
and control mice. mTOR protein levels were markedly reduced in mTOR ™~ mice. A small
amount of mTOR protein was present in the samples prepared from mTOR ™~ mice, which
perhaps originated from non-epithelial cells. Analysis of total NHE3 and NHERF1 revealed
the amounts to be significantly reduced in mTOR ™~ mice (Figure 6b). Tissue surface
biotinylation assay revealed the levels of surface NHE3 and NHERF1 in the membrane
fractions also to be reduced in mTOR™~ mice (Figure 6b). Immunohistochemistry detected a
significant reduction of apical NHE3 in mTOR ™~ mice (Figure 6¢—d). By using two-photon
confocal microscopy with a ratiometric pH-sensitive dye (SNARF-4FAM) 27:30 we
observed a significant reduction in Na*/H* exchange activity in the ileum of MTOR ™~ mice
(Figure 6e). By applying a perfusion assay to the small intestine 3°, we confirmed a marked
reduction of water absorption in the small intestine of mMTOR™~ mice (Figure 6f).

DISCUSSION

In the present study, we report that severe acute diarrhea develops following a sharp rise in
serum rapamycin levels. Acute diarrhea tends to resolve when serum rapamycin levels return
to their therapeutic baselines. We also provide evidence that the NHE3 level of the apical
domains of intestinal cells is reduced by rapamycin. Using animal models, we demonstrated
that chronic low doses of rapamycin reduce the total levels of NHES3, in part through
activation of the autophagy pathway. In contrast, exposure of animals to a single high dose
of rapamycin impairs NHE3 transporter activity and reduces apical levels of NHE3 without
causing changes in the total levels of NHE3. Thus, there appears to be two distinct
mechanisms that explain the dose-dependent inhibition of NHE3 by rapamycin. Finally, we
confirmed that deletion of mTOR (to inactivate both mMTORC1 and mTORC?2) in intestinal
epithelial cells results in reductions of both total and apical NHE3 in the small intestine, and
reduces both Na*/H* exchange activity and water absorption. Significantly, a portion of
these mice developed fluid-filled dilated intestine, recapitulating the diarrhea in patients.
These findings demonstrate a critical role of the mTOR/autophagy pathway in the
expression of NHE3 and its homeostasis.
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Linkages between Serum Rapamycin Spikes and Diarrhea

We observed that diarrheal episodes were associated with a sharp rise in serum levels of
rapamycin in patients receiving prolonged rapamycin treatment. Because diarrhea causes
excessive fluid loss, it is conceivable that the observed serum rapamycin spikes could be
related to dehydration. However, dehydration alone is unlikely to be the primary cause, as
serum levels of tacrolimus, a co-administered immunosuppressant, were not found to be
significantly elevated during diarrheal episodes. Previous studies have suggested that
fluctuations (5-6 fold) of serum rapamycin levels might be due to variations in medication
or to diet, changes in dietary fats in particular3®. In the present study, however, we were
unable to address the cause of the serum rapamycin spikes. In our animal models, we treated
animals with 5 mg/kg/day, a relatively low dose that has been used in previous studies?8: 37.
This dosage is sufficient to reduce phosphorylation of S6, a downstream substrate of
mTORCI, but had little effect on phosphorylation of Aktse"473 (Figure 3a-b), the target of
mTORC2. However, rapamycin at 20 mg/kg inhibited phosphorylation of Akt$¢™73 (Figure
5a-b), suggesting that this fourfold increase in rapamycin resulted in inhibition of both
mTORC1 and mTORC2. However, the pharmacokinetics of rapamycin may vary between
rodents and humans28, thereby limiting the utility of rapamycin dosing in rodents when
modeling human conditions. In the present study, we evaluated the levels of surface NHE3
in the terminal ileum of two groups: controls and diarrheic transplant recipients treated with
rapamycin. However, a lack of biopsies precluded us from examining this aspect in
transplant recipients who received chronic treatment with rapamycin but did not have
diarrhea. Our rodent models were used to model chronic exposure to rapamycin in humans.
Given that chronic treatment with a low dose of rapamycin reduced the total levels of NHE3
expression, it may be that expression of NHES3 is reduced in the intestine of renal recipients
under a rapamycin regimen.

Two Distinct Routes Regulate NHE3

NHE3 appears to be constantly turned over by autophagy under normal conditions, as we
observed a marked accumulation of NHE3 in intestinal epithelial cells in Atg7~/~ mice.
Deletion of mTOR from intestinal epithelial cells reduced NHE3 expression, further
suggesting a homeostatic role of both the mTOR and autophagy pathways on NHE3
regulation. The inhibitory effect of rapmaycin on NHE3 expression is significantly reduced
when autophagy is inactivated, suggesting that rapamycin-induced down-regulation of
NHE3 is mediated at least partially through the autophagy pathway. This highlights a
significant role for autophagy in regulating homeostasis of NHE3 in intestinal epithelial cells
when mTOR or autophagy activity is altered, such as by stress or starvation. However, we
observed that, even when autophagy was inactivated, NHE3 expression was partially
inhibited by rapamycin. This could reflect contamination from other villin-cre negative cells
in our sample preparation. We also cannot rule out unrecognized mechanisms such as
protein translation or systemic effects by rapamycin that regulate expression of NHE3.

Rapamycin is well known to have a dose-dependent effect on the activity of mTOR
complexes. It inhibits N"TORC1 at low doses whereas mTORC2 at higher doses®. In the
present study, we found that long-term treatment with rapamycin at a low dose (5mg/kg/day)
appears to inhibit mMTORC1 (indicated by reduced phosphorylation of S6), without affecting
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mTORC2 (indicated by unchanged phosphorylation of Aktse™73). These data suggest that
rapamycin-mediated stimulation of autophagy via inhibition of mMTORCL1 is an important
mechanism of down-regulation of intestinal NHE3. We demonstrated that acute
administration of rapamycin at a high dose (20 mg/kg) was associated with: 1) reduced
phosphorylation of AktSe€r473, a downstream target of mMTORC28; 2) reduced surface
expression of NHE3 and NHERF1 in the membrane fraction without significant influence on
total expression of NHES3 in intestinal epithelial cells; and 3) reduction of NHE3 transporter
activity in PS120 acutely treated with 0.2uM rapamycin. Therefore, acute exposure to high
serum levels of rapamycin appears to impact NHE3 activity via a different route from that
elicited by long-term exposure to a low dose of rapamycin.

Previous studies have shown that activation of Akt stimulates NHE3 activity in PS120
fibroblasts3® and promotes NHE3 apical movement with activation20: 21, It is conceivable
that inactivation of Akt due to mTORC?2 inhibition may contribute to reduced NHE3 surface
expression, although the precise mechanism remains to be elucidated. Given that NHERF1
plays a critical role in regulating NHE3 membrane targeting and the fact that its levels in the
membrane fraction are reduced when exposed to rapamycin, it is possible that down-
regulation of NHES3 in the apical membrane involves NHERF1. We observed that rapamycin
decreased the Vmax and increased the Km of NHE3 transporter in PS120 cells. This is
consistent with the observed reduction in surface levels of NHE3 in intestinal epithelial
cells, plus an effect on NHE3 Na*/H* turnover number, possibly by a mechanism yet to be
described.

A “Double Hit” Model that Causes Acute Diarrhea

Although renal recipients in this study were constantly exposed to rapamycin at therapeutic
levels that are sufficient to inhibit mTOR, acute diarrhea in this cohort occurred only when
serum rapamycin levels were significantly elevated above the baseline. Data from our animal
studies indicate that low doses of rapamycin which inhibit mTORCZ, can be thought of as
the “primary hit” in the reduction of total NHE3 expression. However, when a single high
dose of rapamycin was given, mMTORC?2 appears to also be inhibited. This ‘second hit’
caused by increased serum rapamycin could further alter NHE3 membrane-targeting,
contributing to the production of acute, non-infectious diarrhea (Figure 7). Consistent with
this notion, a portion of rats (3/16) treated with a high dose rapamycin for two weeks
developed fluid-filled dilated intestine (Suppl. Figure 2). Moreover, animals with deletion of
mMTOR, thereby inactivating both mTORC1 and mTORC2, had altered NHE3 homeostasis
and also developed diarrhea (Figure 6a). Thus, these animal models largely recapitulate the
clinical observations of patients who developed serum spikes of rapamycin.

Mechanism of Autophagy-mediated Down-Regulation of NHE3 and NHERF1

We observed that the total levels of NHERF1 parallel the change of total levels of NHE3
observed upon rapamycin treatment or from deletion of mTOR or Atg7 in mice. Although
autophagy could independently mediate the turnover of NHE3 and/or NHERFL1, given that
NHERF1 interacts with NHE3, it is also conceivable that NHE3/NHERF1 together as a
complex could be targeted by autophagy. Of note, the effect of rapamycin on total NHERF1
in rats is not significant, whereas its effect in mice is marked. This may reflect species-
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related differences in the effect of rapamycin, similar to that observed with p62, whose
levels were significantly reduced by rapamycin in rats but not in mice. The reduction of
surface expression of NHE3 and NHERFL1 in the membrane fraction could be attributed to:
1) reduction of total levels of NHE3 and NHERF1 (except NHERF1 in rats); 2) impairment
of membrane targeting; and 3) both mechanisms. NHERF1 and its family of related proteins
have been implicated in regulating membrane-targeting of NHE323: 39, It is conceivable that
mMTOR inhibition and autophagy activation could impair NHERF1 function, which could in
turn reduce the levels of NHE3 and NHERF1 in the membrane fraction. Nevertheless, the
mechanisms underlying how mTOR inhibition and/or autophagy activation reduce NHE3
expression needs to be elucidated.

We conclude that rapamycin suppresses NHE3 activity through two distinct mechanisms: 1)
by autophagic degradation of NHE3 as a consequence of long-term exposure to therapeutic
levels of rapamycin; and 2) by acute inhibition of surface expression of NHE3 by high levels
of serum rapamycin. These two distinct routes (Figure 7) could act together to severely
inhibit NHE3 activity, contributing to the development of diarrhea in renal transplant
recipients. Given that rapamycin and its analogs have been increasingly used in many
medical conditions, including cancer, autoimmune dysfunction, and organ transplantation,
understanding the mechanisms of rapamycin-associated diarrhea has at least three significant
clinical and economic implications. First, this non-infectious etiology should be considered
when the serum rapamycin level is higher than baseline. Secondly, understanding and
controlling the factors that lead to serum spikes of rapamycin could significantly reduce the
incidence of rapamycin-associated diarrhea. Finally, an understanding of the mechanisms of
rapamycin-associated diarrhea may lead to the identification of compensating therapeutic
practices that can mitigate the negative effects of this valuable family of immunosuppressive
drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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367 patients
Renal transplant recipients
on rapamycin (2003-2010)

Patients who underwent colonoscopies for diarrhea

- No change in medication before diarrhea
- Negative infectious etiology
- Normal colonoscopy (no infection)
39 events identified in 20 patients (~5.5%)
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(a) A schematic for patient selection. (b) An example of serum rapamycin level before,
during and after a diarrheal episode in a single patient. Plots showing each serum rapamycin
level in 20 patients with 39 episodes of profound diarrhea (c) and each serum tacrolimus
level in 12 patients (d) at baseline, during and after the diarrheal episodes. * indicates
p<0.001 (comparison between during and pre- or post-diarrheal episode) (one-way ANOVA

with a Bonferroni test).
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Figure 2. Decreased NHE3 expression in ileal apical membranes from rapamycin-treated
patients with acute diarrhea

(a) Representative images of immunostaining of NHE3 in the terminal ileum from a control
and one rapamycin-treated patient. The dashed areas were magnified as shown in the bottom
panels. The small arrows point to the apical membrane with staining of NHE3. A long line
with an arrowhead was drawn over the apical membrane and cytoplasmic area for
guantification. (b & c) The intensity of NHE3 staining along the line with an arrowhead (a).
The peak labeled with a diamond symbol represents NHE3 staining at the apical membrane.
The average intensity of all data points underneath the line serves as the cytosolic NHE3
staining. (d) The bar graph presents the average of apical/apical+cytosol NHE3 in ileum
samples from renal transplant patients compared to controls (*p<0.05 t-test, n=5 areas/slide,
N=11 patients and 10 controls).
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Figure 3. Rapamycin reduces the expression of NHE3 in rat ileum
(a—b) Western blot analysis (a) and quantification (b) of NHE3, NHERF1, CFTR, Ezrin, p-

Ezrin, S6, p-S6, Akt, p-Aktse73 in the small intestine from vehicle (Veh)- and rapamycin
(Rapa)-treated rats. (c—d) Surface biotinylation assay (c) and quantification (d) for surface
expression of NHE3 and NHERF1 in the membrane fraction. (e) Representative images and
quantification of NHE3 at the apical membrane by immunostaining of NHE3 in mid-villus
of the ileum from vehicle- and rapamycin-treated rats. (f) Western blot and quantification of
p62, LC3I and LC3II in control and rapamycin-treated rat intestine (*p<0.05, t-test, N=3).
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Figure 4. Deletion of Atg7 increases NHE3 expression in mouse intestine
(a) Genotyping and RT-PCR of Atg7 in mouse intestinal epithelial cells (Atg7~/"). (b)

Western blot and quantification of p62, LC3I, and LC3I11 in Atg7~~ mouse intestine treated
with vehicle or rapamycin. (c) Western blot analysis of NHE3 and other proteins as
indicated in control and Atg7~/~ mice with and without rapamycin treatment, and surface
biotinylation assay to evaluate the surface levels of NHE3 and NHERF1 in the membrane
fraction. (d) Quantification of NHE3 and other proteins in control (open bar) and Atg7~/~
mice (filled bar) are shown, as is quantification of NHE3 and NHERFL1 in the membrane
fraction. The comparisons that show statistically significant differences among the groups,
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with p < 0.05, are indicated as follows: *:Atg7~/~/Veh versus Atg7FF/veh or Atg7~/-/Rapa
versus Atg7F/F/Rapa; **: Atg7"/Fiveh versus Atg7F/F/Rapa; and #: Atg7/~/Rapa versus
Atg7~/~/veh (N=3, one-way ANOVA with Bonferroni’s multiple comparison test). (ef)
Representative images (e) and quantification (f) of immunostaining of NHE3 in the ileum
from Atg7F/F and Atg7~/~ mice (*p<0.05, t-test, N= 3).
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Figure 5. An acute effect of high-dose rapamycin on NHE3 expression
(a—b) Western blot analysis (a) and quantification (b) of NHE3, NHERF1, total and p-Ezrin,

total and p-S6, total Akt and p-Akt at Ser43. (a) Surface biotinylation assay and
quantification (b) of NHE3 and NHERFL1 in the membrane fraction of intestinal tissue from
vehicle- and rapamycin-treated mice (*p<0.05, t-test, N=3). (c) Representative traces
showing the effect of rapamycin on Na*/H* activity in PS120 cells stably expressing NHE3
and NHERF2. Bar graph showing Vimax (d) and K(H™)j (UM) (e) in vehicle- and rapamycin-
treated groups (*P<0.05, One way ANOVA with Dunnett’s post hoc test, N=3).
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The effect of mMTOR deletion on NHE3 expression. (a) Representative images of exposed
intestines and quantification of the diameter of intestines and body weight. (b) Western blot
and surface biotinylation assay analyses of total and surface NHE3 and related proteins in
intestinal epithelial cells. (b) Quantification of total and surface NHE3, total and membrane-
bound NHEFRL1. (c) Representative images and quantification (d) of immunostaining of
NHES3 in mouse ileum. Experiments from mTORFF and mTOR™~ mice were repeated at
least 3 times (*p<0.05, t-test). (¢) Na*/H* exchange activity in ileal villus Na* absorptive
cells in mTORFF and mTOR ™~ mice. n=4, (*p<0.05, t-test). (f) Water absorption of small
intestine in mMTORFF and mTOR™~ mice. n=5, (*p<0.05, t-test).
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Figure 7. A proposed model of inhibition of NHE3 by rapamycin
Rapamycin inhibits NHE3 activity through two distinct routes: 1) chronic exposure to

rapamycin at a therapeutic dose stimulates autophagic activity, contributing in part to the
down-regulation of NHE3; and 2) further elevation of serum rapamycin additionally impairs
NHES3 activity through acute inhibition of membrane trafficking of NHE3. This described a
mechanism that potentially contributes to the development of diarrhea.
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