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Abstract

SGLT2 inhibitors (SGLT2i) and GLP1 receptor (GLP1R) agonists have kidney protective effects.
To better understand their molecular effects, RNA sequencing was performed in SGLT2-positive
proximal tubule segments isolated by immunostaining-guided laser capture microdissection.
Male adult DBA wildtype (WT) and littermate diabetic Akita mice + Sglt1 knockout (Sglt1-KO)
were given vehicle or SGLT2i dapagliflozin (dapa; 10mg/kg diet) for 2 weeks, and other Akita
mice received GLP1R agonist semaglutide (sema; 3nmol/[kg body weight*day], s.c.). Dapa
(254+11mg/dL) and Sglt1-KO (367+11mg/dL) but not sema (407+44mg/dL) significantly
reduced hyperglycemia in Akita mice (480+£33mg/dL). The 20,748 detected annotated protein-
coding genes included robust enrichment of S1-segment marker genes. Akita showed 198
(~1%) differentially expressed genes vs. WT (DEGs; adjusted p<0.1) including downregulation
of anionic transport, unsaturated fatty acid and carboxylic acid metabolism. Dapa changed only
2 genes in WT but restored 43% of DEGs in Akita, including upregulation of lipid metabolic
pathway, carboxylic acid metabolism and organic anion transport. In Akita, sema restored ~10%
of DEGs, and Sglt1-KO and dapa were synergistic (restored ~61%) possibly involving additive
blood glucose effects (193+15mg/dl). Targeted analysis of transporters and channels (t-test
p<0.05) revealed that ~10% of 526 detectable transporters and channels were downregulated
by Akita, with ~60% restored by dapa. Dapa, dapa+Sglt1-KO and sema also altered Akita-
insensitive genes. Among DEGs in Akita, ~30% were unresponsive to any treatment, indicating
potential new targets. In conclusion, SGLT2i restored transcription for multiple metabolic
pathways and transporters in SGLT2-positive proximal tubule segments in diabetic mice, with a

smaller effect also observed for GLP1R agonism.
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New & Noteworthy (75 words)

SGLT2 inhibitors and GLP1 receptor agonists have kidney protective effects. By combining
immunostaining guided laser-capture microdissection and RNA sequencing, the study
established how the gene expression profile changes in SGLT2-positive proximal tubule cells in
response to type 1 Akita diabetes and to pharmacological intervention by SGLT2 inhibition or
GLP1R agonism and genetic deletion of SGLT1. The data also indicate genes unresponsive to

those treatments that may include new therapeutical candidates.

Key words

SGLT2 inhibitor, Glucagon-like peptide-1 receptor agonist, Proximal tubule, RNA-seq, Laser

capture microdissection
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Introduction

Chronic kidney disease (CKD) is one of the leading causes of death and affects more than 800
million peoples worldwide (1). Diabetes is a common cause of CKD, and patients with diabetes
and CKD are at high risk of kidney failure and cardiovascular events. To achieve better glycemic
control in diabetes, new classes of drugs have been introduced in recent years (2). Sodium
glucose cotransporter 2 inhibitors (SGLT2i) have demonstrated glucose-lowering effects and
kidney and heart protection in clinical trials, thus becoming first-line drug therapy for people with
type 2 diabetes and CKD (3, 4). Glucagon-like peptide-1 receptor (GLP1R) agonists are also
glucose-lowering drugs with proven cardiovascular benefits as well as renoprotection (5) and
have been recommended as second-line therapy (4). Despite growing evidence of beneficial
effects on renal and cardiovascular outcomes, the underlying molecular mechanisms of SGLT2i

and GLP1R agonists have not been fully understood.

The kidneys contribute to glucose homeostasis by filtering, reabsorbing, producing and
consuming glucose. More than 95% of filtered glucose is reabsorbed by SGLT2 in the early
proximal tubule and the rest is taken up by SGLT1 expressed in the late proximal tubule and
thick ascending limb, such that only 0-0.2% of filtered glucose is excreted in the urine in healthy
conditions. In diabetes, hyperglycemia increases the tubular glucose reabsorption by increasing
the filtered glucose load and the transport capacity (the latter by increasing SGLT2
expression/activity in part due to growth and hypertrophy of the proximal tubule), thereby
enhancing the tubular transport workload and facilitating tubular damage (6-9). The hyper-
reabsorption of glucose, sodium and other electrolytes in the proximal tubule lessens the
luminal NaCl delivery to the macula densa and the physiology of tubuloglomerular feedback
(TGF) contributes to glomerular hyperfiltration, which has been linked to kidney function decline
in the long term (10). Vice versa, SGLT2i acutely lowers GFR by attenuating proximal tubule
hyper-reabsorption, which helps to preserve GFR in the long term (7, 11). Moreover, SGLT2i
may protect tubular function by suppressing glucotoxicity, oxidative stress, and metabolic
perturbation in diabetes partly by inhibiting mTORC1 signaling as well as improving autophagy
in the proximal tubule (7, 12-16). However, little is known about the effect of diabetes and
SGLT2i on the gene expression profile of the SGLT2i-targeted SGLT2-positive proximal tubule

segments.

GLP1 is an incretin hormone secreted from intestinal L cells after mealtime and regulates
glucose metabolism by inducing insulin secretion from pancreatic B-cells where its receptor
GLP1R is highly expressed (17). GLP1R is a G-protein coupled receptor linked to cAMP-PKA



93  signaling. GLP1R mRNA expression has been detected in multiple tissues in rodents and
94  human including lung, stomach, kidney and brain, contributing to GLP1’s pleiotropic
95 physiological effects such as gastric emptying and appetite control (18-22). Later studies using
96 validated antibodies showed that GLP1R expression is rather limited to specific cell types in the
97 tissues, and in human and rat kidneys it appears predominantly expressed in smooth muscle
98 cells of the afferent arterioles (23, 24). Nonetheless, acute infusion of GLP1R agonists led to
99 increase of GFR and renal blood flow, as well as natriuresis and diuresis associated with
100  suppression of proximal tubule reabsorption in healthy and diabetic rodents (25-28).
101  Furthermore, GLP1R knockout Akita mice showed increased urinary albumin and more
102  advanced mesangial expansion compared with wildtype Akita mice, whereas GLP1R agonist
103  treatment mitigated those conditions in Akita mice, consistent with protective kidney effects of
104  GLP1R signaling (21). Vasodilatory effects of GLP1R-cAMP-PKA signaling on glomerular
105 arterioles may contribute these outcomes (29), but the molecular mechanism by which GLP1R
106  agonists modulates proximal tubule reabsorption and affects gene expression profile in the

107  proximal tubule are not fully understood.

108 In the present study, we established transcriptomic profiles of SGLT2-positive proximal tubules,
109 isolated by immunostaining-guided laser capture microdissection using a Sglt2 KO validated
110  antibody. This was done in non-diabetic and type 1 diabetic Akita mice treated with SGLT2i or
111 GLP1R agonist. In contrast to SGLT2 expression, SGLT1 is primarily expressed in the late

112 proximal tubule, which is SGLT2-negative, and little effects should be observed in the

113  microdissected segments by inhibiting SGLT1. Thus, mice with a gene knockout of SGLT1 were
114  included in the study for comparison and as a kind of negative control, although SGLT1

115 inhibition could induce indirect effects, e.g. by lowering blood glucose in Akita mice. Pathway
116  analysis was performed to determine: 1) effects of diabetes, 2) effects of SGLT2i in non-diabetic
117  and diabetic conditions, 3) effects of Sglt1 deletion in non-diabetic and diabetic conditions, 4)
118  whether combined SGLTZ2i and Sglt1 deletion has additive effects, and 5) whether a GLP1R

119  agonist alters gene expression in the SGLT2-positive tubule in diabetes.

120
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Materials and Methods
Animals

All animal experiments were conducted in accordance with the Guide for Care and Use of
Laboratory Animals (National Institutes of Health, USA) and was approved by the local
Institutional Animal Care and Use Committee as well as Novo Nordisk Animal Care and Use
Committee. The generation of Sglt1*;Ins2*k@* on DBA/2J genetic background has been
described (30, 31). Littermate experimental male mice were generated from breeding DBA/2J-
Sgit1*" to DBA/2J- Sgit1*;Ins2*"* The mice were housed in the VA San Diego Health System
vivarium with a 12:12 hour light-dark cycle and had free access to water and diet. The diet fed to
all animals in the study had a minimal content of glucose and galactose to prevent diarrhea in
Sglt1 KO mice, and high content of fructose (40% fructose by weight; TD.150497, Envigo, USA)

to establish robust hyperglycemia in the absence of dietary glucose (30).

At ~14 weeks of age, the mice were treated for 2 weeks with dapagliflozin (10mg/kg diet) or
semaglutide (one week acclimation with escalating doses of 1, 2 and finally 3nmol/kg bw daily
via subcutaneous injection). Blood glucose was measured one day before treatment and 2
weeks later before harvest in awake mice by tail snip, and urine samples were collected at the
same time points by inducing spontaneous urination with gentle grapping. Subsequently and
under terminal anesthesia (ketamine (100 mg/kg) and xylazine (10 mg/kg) cocktail), the kidneys
were perfused with cold saline through the left ventricle of the heart, quickly removed, and half
kidney was immediately embedded in OCT compound in liquid nitrogen-chilled isopentane and
stored in -80°C. All specimens were collected between 9 to 11 am to minimize variability due to

circadian rhythm.
Urine and blood analysis

Glucose levels in urine samples were determined by the hexokinase/glucose-6-phosphate
dehydrogenase method (Infinity Glucose Hexokinase Liquid Stable Reagent, ThermoFisher
Scientific, USA), and urine creatinine concentration was determined by a kinetic modification of
the Jaffe’s reaction (Infinity Creatinine Reagent, ThermoFisher Scientific, USA). Blood glucose

levels were determined by AlphaTRAK-2 glucometer (Abbott laboratories, USA).
Laser capture microdissection of SGLT2-positive early proximal tubules

10um frozen kidney tissue sections were prepared and mounted on PEN membrane glass
slides (cat# LCM0522, ThermoFisher Scientific, USA) and the tissue was fixed in ice-cold
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acetone for 2 min. After brief air drying and rinsing the slide with RNase-free PBS
(ThermoFisher Scientific, USA), the tissue was incubated with a KO-validated rabbit polyclonal
SGLT2 antibody (32)(cat# 20802, BiCell Scientific, USA) for 10 min (1:100 in antibody solution:
5% normal goat serum + RNasin (400 unit/ml, Promega, USA) in PBS) at room temperature.
After brief rinsing with PBS 2 times, the tissue was incubated with Alexa Fluor 555-conjugated
anti-rabbit IgG antibody (1:100 in antibody solution, cat# A21428, ThermoFisher Scientific, USA)
for 10 min at room temperature. After washing with PBS, the tissue was dehydrated by
incubating in 70, 95 and 100% ethanol for 30 seconds each and in xylene for 5 min, and then
completely dried in a fume hood. The SGLT2-positive tubules were located by fluorescent
microscopy and then isolated using an Arcturus-XT laser capture microdissection system
(ThermoFisher Scientific, USA).

RNA preparation and sequencing

Total RNA was isolated from ~70-80 microdissected SGLT2-positive tubules per sample via
Arcturus PicoPure frozen RNA isolation kit (cat# KIT0204, ThermoFisher Scientific, USA) and
additional gDNA digestion was performed using Arcticzymes Heat & Run gDNA removal kit
(ArcticZymes Technologies, USA). Quality and quantity of the isolated RNAs were determined
by High Sensitive RNA Screen Tape Analysis (Agilent, USA), and cDNA library was prepared
using SMARTer Stranded Total RNA-seq Kit v3-Pico Input Mammalian (Takara Bio USA, USA)
with 0.5 ng total RNA (DV200>30%). Sequencing of 50 million reads per sample was performed
using lllumina NovaSeq 6000 (lllumina, USA) at the UC San Diego IGM Genomics Center.

Western blot

Whole kidney tissue was homogenized, and membrane fraction was prepared as previously
described (12). SDS-PAGE was performed using 50 ug of proteins, and the proteins were
transferred to PVDF membrane. The membrane was incubated overnight with primary
antibodies at 4°C followed by incubation of HRP-conjugated secondary antibodies for 1hr at
room temperature. The membrane was incubated with enhanced chemiluminescent substrate.
The chemiluminescent signal was scanned by Chemdoc imaging system (Bio-Rad
Laboratories), and the images were analyzed using Image Lab Software (Bio-Rad
Laboratories). Primary antibodies used in this study were: anti-SLC22A2 antibody (PA5-80015,
Invitrogen, 1:1,000), anti-SLCO1A1 antibody (BS-0607R, Bioss, 1:1,000), anti-SLC17A1
antibody (20751-1-AP, Proteintech, 1:1,000), anti-Vinculin antibody (66305-1-lg, Proteintech,
1:10,000).
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Bioinformatics analysis

For quality control MultiQC version 1.8. was used. All RNASeq samples were aligned using
GRCm38 reference genome using bulk RNASeq workflow in Seven Bridges using SBG Create
Expression Matrix CWL1.0 workflow. Alignment and quantification were done using Salmon.
Gene symbol mapping was performed using EnsDb.Mmusculus.v79. The normalized data were
checked for variance contribution and outlier detection using principal component analysis
(PCA). 6/54 samples were detected as outliers after PCA using prcomp function with all
available phenotypic covariates in the study design. Visualization for all explanatory phenotypic
variables for variance explanation was performed using ggplot2 function. Overall, 48 samples
were selected for any subsequent downstream comparative analysis using DESeq2 to
summarize transcript-level estimates for gene-level analysis with covariate of interest in R
version 4.2 and BioC version 3.15. For all differential expression comparison statistical
thresholds were set as p-adjusted < 0.1 and log» Fold change >0 or <0. PCA plots were done
using plotPCA function available in DESeq2. Finally all pathway enrichment analysis was
performed using ShinyGO 0.80 (33). The comparative assessment of overlapping differentially
expressed genes across different pairwise comparative groups was done using Upset plot

package.
Statistical analysis and plotting

Two-group comparisons of physiological parameters were performed by two-tailed t-test, and P
<0.05 was considered as statistically significant. To perform a more permissive pathway
analysis of differentially expressed genes between two groups, we used DESeq?2 that uses
Wald Test with multiple test adjusted p value (here < 0.1 were used). For the targeted analysis
of individual transporters and channels used to generate Supplemental Figures 1, 3 and 4, Wald
Test with an adjusted p value < 0.1 or a, less stringent, two-tailed t-test unadjusted p value <
0.05 was performed, the latter to capture a potential broader transporter response. Plots and

heatmaps were generated by GraphPad Prism 10 or by Heatmapper (www.heatmapper.ca)(34).
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Results

Study design and effect of treatment on physiological parameters

Fourteen-week old male mice (DBA-Sic5a1** or ”; Ins2"* or Akt

were divided into 9 groups
(n=6 per group; Table 1) and were given vehicle (veh; control high fructose diet), dapagliflozin
(Dapa; 10mg/kg diet), or semaglutide (escalating dose, see Methods) for 2 weeks. Body weight
and mean kidney to body weight ratio (KW/BW) were not significantly changed by any of the
treatments, except for a modestly higher KW/BW ratio in dapa-treated vs veh-treated Sglt1 KO
mice (Table 2). In non-diabetic mice, Sglt1 KO and dapa modestly increased urinary glucose to
creatinine ratios (UGCR) with a greater effect of the latter; moreover, UGCR was strongly
increased by dapa in non-diabetic Sglt1 KO mice consistent with compensatory glucose
reabsorption via SGLT1 when upstream SGLT2 is inhibited (30, 35). Despite these effects on
glucose excretion, blood glucose was not significantly changed by Sglt1 KO or dapa in non-
diabetic mice. In Akita mice, however, Sglt1 KO lowered baseline blood glucose
(367+11mg/dL), and dapa, as expected, induced an even stronger reduction (254+11mg/dL) vs.
vehicle-treated mice (480+33mg/dL); moreover, dapa further reduced blood glucose in Sgit1 KO
Akita (1931£15 mg/dL)(Table 2). Having the lowest blood glucose levels among Akita groups,
dapa-treated Sglt1 KO Akita mice had the highest UGCR consistent with additive effects of
SGLT2 and SGLT1 inhibition on glucose reabsorption in Akita mice (30)(Table 2). In
comparison, blood glucose was numerically decreased by sema in Akita mice (407+44mg/dL)

but this did not reach statistically significance.

RNA sequencing of SGLT2-positive proximal tubule segments collected by laser capture

microdissection

After 2 weeks of treatment with dapa or sema, kidneys were harvested, frozen kidney sections
prepared and immuno-stained with a Sglt2 knockout-validated (32) anti-SGLT2 antibody (Fig.
1A), and the SGLT2-positive segments were isolated by laser capture microdissection (LCM)
from each experimental animal (Fig. 1B). RNA sequencing (RNA-seq) of these tissue samples
allowed detection of a total of 20,748 annotated protein-coding genes. Enrichment of early
proximal tubular segments was confirmed by comparing the RNA-seq data generated in vehicle-
treated WT mice with previously generated RNA-seq data of microdissected mouse kidney
tubule segments by the Knepper group (36): transcripts per million (TPM) in our LCM samples
for proximal tubule S1 segment marker genes (including Sicba12, Sic4a4, Sicba2, Sic22a8 and
Prodh2 (37, 38)) were ~5-40% of TPM reported by the Knepper group, whereas TPM values for
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marker genes of the S3 segment, ascending limb, distal convoluting tubule, connecting tubule

and collecting duct were negligible (0~3% of the reference) (Fig. 1C).

Diabetes downregulates the expression of genes associated with fatty acid metabolism

and transport in SGLT2-positive proximal tubule segments

The effect of diabetes was determined by comparing transcriptomics of non-diabetic WT mice
and Akita mice. Principal component analysis (PCA) showed separation between the two
groups (Fig. 2A). 198 genes were differentially expressed (DEGs; adjusted p<0.1 and log2 Fold
change >0 or <0) between WT and Akita mice (63 up, 135 down; Fig. 2B, Supplemental Table
1). Pathway analysis with these DEGs revealed the enrichment of various metabolic processes,
and the top 10 pathways (based on FDR <0.05 and fold enrichment score) were long-chain fatty
acid metabolic process, unsaturated fatty acid metabolic process, organic anion transport, fatty
acid metabolic process, anion transport, monocarboxylic acid metabolic process, carboxylic acid
metabolic process, organic acid metabolic process, and oxoacid metabolic process (Fig. 2C).
The DEGs in the metabolic processes were mostly downregulated in Akita vs WT mice with only
a few being upregulated (Supplemental Table 2). Especially genes involved in fatty acid
metabolic process were downregulated in SGLT2-positive proximal tubule segments of Akita
mice (Fig. 2D and Supplemental Table 2). The 63 upregulated genes in Akita vs WT included
genes associated with cell adhesion and extracellular matrix (Adam11, ltgb6, Fn1 and Npnt),
lipid metabolism and transport (ApoB, Npl, Ephx1 and Fabp3) and cell cycle and proliferation
(Ctgf, Cend1, Cecng1 and Lzts2).

The SGLT2-positive early proximal tubule plays a critical role in the transport and reabsorption
of ions, organic, and inorganic molecules. We found that several solute carrier (S/c) genes are
among the DEGs between Akita vs WT (Supplemental Table 2). Therefore, we performed a
targeted analysis for renal transporters and channels. For the targeted analysis, P value <0.05
(two-tailed t-test) was considered statistically significant. Among known 805 kidney transporters
and channels (39)(https://esbl.nhibi.nih.gov/helixweb/ Database/NephronRNAseq
[Transporters_and_Channels.html), 525 genes had TPM>0 in the SGLT2-positive segment
RNA-seq data (Supplemental Table 3) and 51 of them (~9.7%) were significantly changed in
Akita vs WT mice (Fig. 2E and Supplemental Table 4). Notably, all those transporters, except
3 (Slc3a2, Rhbg and Abca8a), were downregulated in the diabetic mice, and 15 transporters
(Slco1a1, Slc7a13, Sic12a1, Slc35b4, Sic17a1, Slc3a2, Slc30ab, Kcnj15, Sic1a4, Slco3aT,
Slc9a3, Slc6a9, Slc19a3, Slc12a2 and Slc22a21) also met the untargeted DEGs analysis
criteria (adjusted p<0.1). Unexpectedly, Sic12a1 which encodes Na-K-2Cl Cotransporter 2
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(NKCC2), the major apical sodium transporter in the thick ascending limb was in the list.
Notably, Slc12a1 mRNAs were detectable in the proximal tubule in RNA-seq analysis using
microdissected tubule and single-nuclear RNA-seq analysis even though the expression level

was significantly lower than the level in the thick ascending limb (36, 37).

Dapagliflozin largely restores gene expression in SGLT2-positive proximal tubule

segments of the diabetic kidney

To determine the effect of dapa on the transcriptome of SGLT2-positive proximal tubule
segments, we compared RNA-seq data in non-diabetic (WT+dapa vs WT) as well as diabetic
mice (Akita+dapa vs Akita). In non-diabetic mice, dapa had a very limited impact on gene
expression in these segments, and only 2 DEGs could be annotated (Ugt2b37 and Gm25679,
Supplemental Table 5), indicating that 2 week-inhibition of glucose reabsorption in SGLT2-
positive proximal tubule segments did not induce robust gene expression changes in the

absence of hyperglycemia.

In contrast, dapa induced robust effects on gene expression in the diabetic kidney. PCA showed
clear separation between Akita and Akita+dapa (Fig. 3A), with 252 DEGs (159 up, 93 down;
Fig. 3B and Supplemental Table 6). Pathway analysis showed that many pathways altered by
Akita vs non-diabetic WT mice were also sensitive to dapa (Fig. 3C). In fact, 86 of the 198
genes affected by Akita (~43%) were significantly restored by dapa (Fig. 3D and Supplemental
Table 6). This included genes in fatty acid metabolic processes which were mostly restored in

Akita by dapa (Supplemental Table 7).

We recently reported the effects of dapa on kidney cortex protein expression in Akita mice by
proteomics (12). To determine whether the gene expression changes in the SGLT2-positive
segments by dapa in Akita can be translated to protein expression changes, we performed
correlation analysis between the proteomics data and the RNA-seq data (Fig. 3E). Despite the
differences in these two studies [genetic background (DBA vs C57BI6), age (12 vs 10 weeks
old), duration of treatment (2 vs 1 week) and diet (high fructose vs Western diet)], 159 genes of
the 252 DEGs were detected in the proteomics analysis and 123 of the 159 genes (~77.4%)
showed positive correlation with the protein expression changes. 22 of those (red dots, Fig. 3E)

were also significantly changed in the proteomic analysis (adjusted p<0.1).

Gene expression of 30 of the 51 transporter genes (59%) altered in the SGLT2-positive
proximal tubule segments of diabetic mice (Fig. 2E) were restored by dapa (Fig. 3F and

Supplemental Table 8). This included transporters involved in apical and basolateral
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membrane transport as well as in tight junctions, mitochondria, peroxisomes, endoplasmatic

reticulum, endosome, and Golgi apparatus (Supplemental Fig. S1).

Dapa significantly increased the expression of additional 33 transporter genes that were not
significantly changed by Akita vs WT (Fig. 3H) with a similar broad transporter localization
(Supplemental Fig. S1). Taken together, 2 weeks of dapa treatment restored to a significant
extent the gene expression of lipid metabolic pathway genes and transporters in SGLT2-positive
proximal tubule segments of diabetic mice, whereas its effect on gene expression in non-

diabetic mice was marginal.

To determine whether observed reductions in mMRNA levels of transporters in the early proximal
tubules in Akita mice and their restoration by dapa may translate to membrane protein
expression, we performed Western blot analysis on available whole kidneys for 3 transporters
that in the kidney are all primarily expressed along the proximal tubules
(https://esbl.nhlbi.nih.gov/MRECA/Nephron/): the primarily basolaterally localized organic cation
transporter OCT2 (SLC22A2) and organic-anion-transporting polypeptide Oatp1a1 (SLCO1A1)
as well as the apically localized urate and anion exporter NPT1 (SLC17A1). Western blotting on
the whole kidney membrane level confirmed decreased protein expression of the 3 transporters
in Akita vs. nondiabetic mice. Dapa showed a non-significant trend to restore whole kidney
membrane protein expression of SLCO1A1 but did not alter the expression of SLC22A2 or
SLC17A1 (Supplemental Fig. S2). See Discussion for interpretation.

Effect of semaglutide on SGLT2-positive proximal tubule transcriptome in diabetes

Despite lack of robust evidence for GLP1R expression in renal tubular cells, GLP1R agonists
have shown to affect proximal tubular function and induce renoprotection in diabetic kidney
disease (21, 22, 26-28). Thus, we determined the effects of semaglutide (sema), a GLP1R
agonist, on the transcriptome of SGLT2-positive segments in Akita mice. The comparison of
Akita+sema and Akita RNA-seq data produced 64 DEGs (41 up, 23 down; Fig. 4A,
Supplemental Table 9). Pathway analysis showed partial restorations of genes in organic acid,
oxoacid and carboxylic acid metabolic process, organic anion transport and lipid metabolism,
and enrichment of genes associated with response to glucose/hexose (Fig. 4B and
Supplemental Table 10). 20 genes affected by Akita were restored by sema (up by sema: Hdc,
Nampt, Dnajc3, Sec63, Mgam, Eif4b, Sugct, Zbtb20, Wwp1, Ctbs, Zfp110; down: Zfp697,
Palm3, Nckap5, Stmtn, Mthfr, LIgl2, Tubb4b, Npnt, Aen)(Supplemental Table 9, Supplemental

Fig. S3). We also performed targeted analysis for transporters (P value <0.05, two-tailed t-test),
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which identified 28 transporters being significantly changed by sema in Akita mice (26 up and 2
down) including the restoration of gene expression for 15 transporters compared with Akita (red
box in Fig. 4D, Supplemental Table 11 and Supplemental Fig. S4). Notably, 11 out of the 15
restored transporters were regulated in the same way by sema and dapa (asterisks, Fig. 4D).
Moreover, among 13 additional transporter genes changed by sema but not by Akita, 5 were
regulated in the same way by sema and dapa. Thus, despite a proposed indirect effect on the
proximal tubule and an at most modest effect of sema on blood glucose in Akita mice, sema
treatment induced a remarkably similar effect to dapa on early proximal tubule transporter gene

expression.
Limited effect of SGLT1 knockout on SGLT2-positive proximal tubule transcriptome

In the kidney, SGLT1 is expressed at the apical membrane of the S2/S3 segment of proximal
tubule, the thick ascending limb and the macular densa, and reabsorbs ~3% of the filtered
glucose in healthy condition (11). The effect of SGLT1 inhibition on the SGLT2-positive proximal
tubule segment transcriptome in non-diabetic and diabetic mice was determined by comparing
Sglt1 knockout (KO) vs WT as well as Sglt1 KO Akita vs Akita. In non-diabetic mice, Sglt1 KO
significantly changed 22 genes (3 up; 19 down, incl. Sicba1 or Sglt1 as expected) compared
with WT (Supplemental Table 12), while 13 genes were differentially expressed between Sglt1
KO Akita vs Akita (6 up, 7 down, incl. Sicba1 or Sglt1)(Fig. 4E and Supplemental Table 13).
Among the DEGs, 3 genes (Cd36, LIgl2 and Hdc) were restored by Sglt1 KO in Akita
(Supplemental Table 13). Neither set of DEGs led to significant pathway enrichment, but
Abhd1 was upregulated by Sglt1 KO in both non-diabetic and diabetic mice. Little is known
about this a/p hydrolase membrane protein, which may inhibit oxidative stress (40). Targeted
analysis for transporters in diabetes (P value <0.05; two-tailed t-test) showed that 7 transporters
were significantly changed (5 up; 2 down) and downregulation of Cacnad in Akita was restored
by Sglt1 KO (Fig. 4F and Supplemental Table 14). This gene codes for an L-type, voltage-
activated calcium channel with polymorphisms being associated with increased blood pressure
and salt sensitivity of blood pressure (41). A lesser effect of Sglt1 KO vs dapa in Akita was not
unexpected based on a lesser effect on blood glucose and little expression of SGLT1 in the

early proximal tubules.

Additive effects of Sgit1 KO and SGLT2 inhibition on SGLT2-positive proximal tubule

transcriptome in diabetes
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Exploring the combined effects of Sglt1 KO and SGLT2 inhibition on the SGLT2-positive
proximal tubule transcriptome, in non-diabetic mice only 3 genes were differentially expressed
compared with WT (1 up; 2 down, including Sic5a1 or Sglt1), arguing against an additive effect
of combined inhibition in the non-diabetic setting (Supplemental Table 15). In diabetes,
however, Sglt1 KO and SGLT2 inhibition were synergistic. PCA showed distinct separation
between Sglt1 KO Akita+dapa vs Akita (Fig. 5A) with 453 DEGs (273 up, 180 down; Fig. 5B
and Supplemental Table 16). About 61% of genes deregulated by diabetes (121 out of 198)
were restored by combined inhibition (Fig. 5C and Supplemental Table 16); for comparison,
dapa and Sglt1 KO had restored ~43% and 1.5%, respectively (see above). Pathway
enrichment analysis revealed more restored pathways (incl. protein exit from endoplasmic
reticulum and amino acid transport) and additional enriched pathways (incl. sodium ion transport
and negative regulation of intrinsic apoptotic signaling pathway) versus dapa alone (Fig. 5D and
Supplemental Table 17). Moreover, transcripts of 63 transporter genes were changed by Sglt1
KO+dapa in Akita and ~55% of affected transporters in Akita trended towards normal (Fig. 5E
and Supplemental Table 18), which is close to the ~58% restored by dapa only (see above).
Taken together, in diabetic mice dual inhibition of SGLT1 and SGLT2 has a greater effect on
blood glucose as well as the SGLT2-positive proximal tubule transcriptome than SGLT2
inhibition alone, primarily on non-transporter related genes, whereas the combined inhibition

has very little effect in non-diabetic mice.
Potential new targets in the diabetic early proximal tubule

To identify new potential therapeutic targets in the SGLT2-positive early proximal tubule we
probed for genes that are dysregulated by diabetes but not significantly changed in diabetic
mice by dapa, sema, Sglt1 KO, or Sglt1 KO+dapa and found 61 genes that satisfy the criteria
(Fig- 6A, Supplemental Table 19). Pathway analysis with those 61 genes revealed one
significantly enriched pathway: response to glucagon (FDR<0.05, Fig. 6B). Moreover, targeted
analysis for transporters identified 14 transporters that were changed by diabetes (2 up (Slc3a2,
Rhbg) and 12 down) and not significantly changed in diabetic mice by any of the treatments
(Fig. 6C).
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Discussion

The kidney is a complex machinery that regulates the urinary excretion of fluid and many
solutes depending on the homeostatic needs of the organism, including electrolytes, acid and
base equivalents, and small molecules like nitrogenous compounds and metabolites. To
accomplish this goal, the kidney tubule system consists of at least 14 distinct and micro-
dissectible segments (36), each with a specialized cell function and implications for kidney
physiology and pathophysiology. The kidney has evolved in a way that a large fraction of the
filtered fluid and solutes is reabsorbed in the early proximal tubule, associated with a high
oxygen need and mitochondrial density (42). This segment is also the site of apical membrane
expression of SGLT2, the primary pathway for kidney glucose reabsorption and target of
SGLT2i, which demonstrated robust kidney protection in large clinical outcome ftrials in diabetic
and non-diabetic individuals (9). To gain a deeper understanding of this segment, we have
established transcriptional profiles of the SGLT2-postitive early proximal tubule to study the
response to Akita diabetes, SGLT2i, Sglt1 KO and GLP1R agonist. To this end, we performed
laser capture microdissection (LCM) on frozen kidney tissue samples. LCM is a tool to isolate a
distinct cell population based on histological morphology or specific protein expression without
introducing stress responses due to enzymatic or mechanical tissue dissociation and has been
successfully used for determining renal segment-specific gene expression profiles in health and
disease (43-45). By combining immunostaining-guided LCM utilizing a Sglt2 KO-validated
SGLT2 antibody (32) with RNA-seq analysis, we were able to detect 20,748 protein-coding

genes in this segment of interest.

We found that Akita diabetes changed the expression of ~1% of genes in the SGLT2-positive
proximal tubule. The SGLT2i dapa altered 1.2% of genes in Akita and induced opposite effects
to Akita in 43% of these genes. Combining SGLT2i with Sglt1 KO changed 2.2% of genes in
Akita and restored 61% of the Akita-altered genes, showing synergistic effects of
SGLT2+SGLT1 inhibition on both gene expression as well as blood glucose control (Fig. 6D).
Defective fatty acid oxidation in renal tubule has been linked to CKD in human and rodents (46-
49). Additionally, in animal models of diabetic kidney disease (DKD), lipid metabolism was
suppressed in proximal tubules, and this was reversed by SGLT2i treatment (13, 14, 50). In line
with this, we found that genes involved in lipid and fatty acid metabolism were downregulated in
SGLT2-positive proximal tubules of Akita mice; moreover, two weeks of dapa treatment or
combination of Sglt1 KO and dapa treatment reversed this effect (Fig. 2C, 3C, 5D,
Supplemental Table 2, 7 and 17). These data indicate that the described metabolic shift in the
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proximal tubule is a consequence of SGLT2-mediated glucose uptake and/or secondary to
hyperglycemia, since, as expected, SGLT2i and combined SGLT2i+Sglt1 KO had a significant
blood glucose lowering effect in the Akita mice. Comparison of the dapa effect in Akita based on
RNA-seq data in the SGLT2-positive proximal tubule in the current study with the response to
dapa in Akita assessed in a recent proteomics analysis of the kidney cortex (12) showed a
positive correlation (Fig. 3E), validating to some extent the RNA-seq analysis at the protein

level.

In comparison, dapa treatment had little effect on the gene expression (2 DEGs) in SGLT2-
positive segments in non-diabetic WT mice (Supplemental Table 5). This observation is in
contrast to the above-mentioned proteomics study, which showed a robust effect of dapa
treatment on kidney cortex protein expression in WT mice (12). The differences could be related
to the used diet (glucose-free & high fructose vs Western diet) that could affect the tubular
responsiveness but might also be due to differences in how the early proximal tubule cells
respond to blockade of glucose reabsorption via SGLT2 on the mRNA versus protein level as
well as in normoglycemia versus hyperglycemia. Metabolic adaptation through primary effects at
the protein level, such as degradation, recycling or post-translational modifications, are more
energy efficient than by changing gene expression, and thus may be the first line of response in
normoglycemia. Also, while many of the genes affected in the proteomics study by dapa in WT
mice are primarily expressed in early proximal tubules (S1/S2 segments), others are primarily
expressed in the later proximal tubule (S2/3) or other tubular segments, and would possibly not
be captured in the present study. Moreover, the downstream shift in transport of glucose and
other substrates in response to SGLT2i is a hallmark of these drugs and expected to induce
opposite responses in SGLT2-positive versus the downstream SGLT2-negative segments (9,
12), the latter not being captured in the current study. On the other hand, in diabetes, where a
better correlation is observed between RNA-seq and proteomics responses to dapa, the more
efficient regulation on the protein level may no longer be prioritized. Moreover, since glucose
transport in SGLT2-negative S2/S3 segments is saturated in glucosuric Akita mice, even before
SGLT2i treatment, fewer opposing effects on gene/protein expression are expected in SGLT2-
negative S2/3 versus SGLT2-positive S1/S2 segments, which may also contribute to the
observed better correlation between mRNA responses in early proximal tubules and protein

responses assessed in kidney cortex.

Our targeted analysis for transporters indicated reduced mRNA levels of ~10% of transporters

and channels in the diabetic early proximal tubule (Fig. 2E), including multiple cellular domains
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(Supplemental Fig.S1), which was likewise largely restored by dapa or Sglt1 KO+dapa (Fig. 3F
and 5E). Three plasma membrane transporters (SLCO1A1, SLC22A2, SLC17A1) primarily
expressed along the proximal tubule and showing the described mRNA response to Akita and
dapa, were chosen for Western blotting on whole kidney membrane fractions. Like the early
proximal mRNA response, Akita reduced whole kidney membrane protein expression for all 3
transporters (Supplemental Fig.S2). Decreased expression of plasma membrane transporters
in the diabetic proximal tubule seems at first unexpected based on proximal tubule hypertrophy
and hyperreabsorption in early diabetes (10). However, the latter may primarily relate to glucose
transport, whereas the relatively small number of transporters showing reduced mRNA
expression in the current study were not related to glucose transport. In accordance, a previous
study showed an increase in total kidney membrane protein expression of SGLT2 in Akita mice
vs non-diabetic controls whereas the expression of another prominent early proximal sodium
transporter, the Na/H-exchanger NHE3, was unchanged (51). A recent single cell RNA-seq
analysis of S1 proximal tubular cells of humans with uncomplicated type 2 diabetes mellitus (16)
did not show the transporter mMRNA downregulation observed in the current study. Considering
the robust impact of insulin on early proximal tubule function, this could relate to the nature of
the Akita model, which is characterized by hypoinsulinemia in contrast to individuals with
hyperinsulinemic type 2 diabetes. Dapa showed a trend to restore whole kidney membrane
protein expression of SLCO1A1 in Akita but did not affect SLC22A2 or SLC17A1. The
dissociation between mRNA expression in S1/2 segments and whole kidney protein expression
in response to dapa could relate to the induced shift of transport of sodium, glucose, and fluid,
but also additional substrates (12), from the S1/2 to S3 segments, which may induce opposing
effects on these segments. All 3 transporters are expressed in S1, S2 and S3 segments of the
murine proximal tubule, but their fractional S3 mRNA expression differs, with ~30% for Slc22a2
and Slc17a1, but only 10% for Slico1a1, which may explain the lesser dissociation.
Determination of proteomic profiles in SGLT2-positive early proximal tubules isolated the same
way by LCM will be helpful to follow up this hypothesis, as will be similar studies in SGLT2-
negative S2/S3 segments to show potential opposite effects of SGLT2i on gene and protein

expression.

Sglt1 KO alone had little effect on gene expression of SGLT2-positive proximal tubules even in
the diabetic kidney despite a significant blood glucose reduction (8 DEGs including Sic5a7; Fig.
4E, Table 2 and Supplemental Table $13), suggesting that inhibition in late proximal tubule
glucose transport via SGLT1 and the modest lowering in blood glucose by Sglt1 KO in Akita

(367 vs 480 mg/dL) do not have a strong regulatory impact on gene expression in the upstream
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early proximal tubule. In contrast, sema, which had a smaller blood glucose effect (407 mg/dL)
than Sglt1 KO, altered 64 genes in the SGLT2-positive proximal tubule in Akita mice (Fig. 4A
and Supplemental Table 9), suggesting blood glucose-independent effects of sema. This
included the reversal in expression of 20 Akita-altered genes linked to metabolism, transcription
regulation, inflammation, and the cytoskeleton (Supplemental Fig. S3). The gene expression
effect of sema in Akita included multiple transporters, and, remarkably, multiple transporters
were changed in the same direction by dapa and sema (Supplemental Fig. $4). In the kidney,
the GLP1R is mainly expressed in the smooth muscle cells of afferent arterioles, where its
activation by GLP1R agonists can induce vasodilation and an increase in GFR and natriuresis in
rodents and humans (22). How the GLP1R agonist can affect gene expression in early proximal
tubules remains unclear. We previously found that the GLP1R agonist-induced natriuresis is
associated with increased kidney phosphorylation and thus inhibition of the Na-H-exchanger
NHE3, a primary pathway for sodium reabsorption in the early proximal tubule (27), but, again,
the effects on the tubules could have been direct or indirect. A hypothesis would be that the
GLP1R-cAMP-PKA signaling in the vascular smooth muscle cells of the afferent arteriole may
release paracrine factors to regulate the function of the early proximal tubule cells. Or dapa and
sema induce similar systemic effects beyond glucose control that can impinge on the kidney.

Further studies are needed to test such hypotheses.

Finally, the analysis identified 61 genes (including 12 transporters) the expression of which was
changed by Akita but not significantly restored by either treatment (Fig. 6A, Supplemental
Table 19). Pathway analysis revealed significant enrichment of the “response to glucagon”
pathway, with upregulation of Stk77 and downregulation of Screbf1 and Cdo1 in Akita (Fig. 6B).
STK11 is a serine/threonine kinase implicated in glucose-sensitive control of glucagon secretion
in the pancreas (52). Potentially more relevant to the diabetic proximal tubule, STK11 is the key
upstream activator of the AMP-activated protein kinase (AMPK), a central metabolic switch that
suppresses growth and proliferation when energy and nutrient levels are scarce (53). AMPK can
phosphorylate the transcription factor SREBF1 thereby preventing the transcription of its target
genes, including sterol synthesis (54). CDO1 (cysteine dioxygenase 1) is key enzyme for
cysteine catabolism that can activate AMPK signaling to promote fatty acid oxidation and
mitochondrial biogenesis, at least in hepatocytes to attenuate hepatosteatosis (55). Further
studies are needed to determine how the reported mMRNA expression data of these and the
other 58 genes relate to protein expression and activity to gain a more cohesive picture that

may indicate a potential role in the diabetic kidney or as novel therapeutic targets.
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Limitations of this study include the use of a genetic type | diabetes model that primarily reflects
the kidney response to suppressed insulin levels and the resulting hyperglycemia. The Akita
model does not mimic the hyperinsulinemia typically found in patients with type 2 diabetes, but
may mimic the setting of hypoinsulinemic humans with type 1 diabetes before they are treated
with insulin. Moreover, the analysis is restricted to male mice. While the clinical outcome studies
show comparable kidney protection by SGLT2i and GLP1R agonists in female and male
individuals, sex affects gene and protein expression along the nephron and further comparative

studies are needed.

In summary, by combining immunostaining guided LCM and RNA-seq, the present study
established how the gene expression profile changes in SGLT2-positive proximal tubule cells in
response to type 1 Akita diabetes and to pharmacological intervention by SGLT2i or GLP1R
agonist and genetic deletion of SGLT1. The data provide new insights on the level of this
prominent tubular segment for the responses to the clinically relevant and kidney protective
drugs, dapa and sema, but also indicate genes unresponsive to those treatments that may

include new therapeutical candidates, potentially including the glucagon pathway.
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Figure legends

Figure 1. Study design and RNA-seq analysis of SGLT2-positive renal proximal tubule

cells.

A. Fourteen-week old Sglt1 wildtype (WT) or knockout (KO) mice + Akita were given vehicle,
dapagliflozin or semaglutide for 2 weeks, and SGLT2-positive proximal tubule segments were
isolated via immunostaining-guided laser capture microdissection (IS-LCM) followed by RNA
sequencing (RNA-seq) analysis. B. Laser capture microdissection of SGLT2-positive proximal
tubule segments. Frozen kidney sections were stained with anti-SGLT2 antibody and
fluorescently labeled SGLT2-positive segments isolated by laser capture microdissection (LCM).
Top panels show bright field and bottom panels show fluorescence microscopy of a kidney
section before and after IS-LCM. C. Confirmation of early proximal tubule enrichment. RNA-seq
data of SGLT2-positive segments obtained by IS-LCM in WT mice were compared with reported
reference data obtained for all tubular segments (36): relative TPM values in the isolated
SGLT2-positive segments for S1 segment marker genes were multi-fold higher than for marker

genes of other tubular segments.
Figure 2. Effects of diabetes on the SGLT2-positive proximal tubule transcriptome.

A. Principal component analysis (PCA) of Akita vs WT. B. Volcano plot of Akita vs WT. The
significance cut-off line is adjusted P value<0.1. C. Top 10 affected pathways in Akita vs WT
show enrichment of metabolic processes and organic anion transport. D. Genes associated with
unsaturated fatty acid metabolic process or lipid metabolic process are downregulated in Akita
vs WT. E. Heatmap of transporter genes (sorted by high to low expression). Expression of 51
transporter genes was deregulated in Akita vs WT, and 48 of them were downregulated while

only 3 transporters were upregulated.

Figure 3. Effects of dapagliflozin on SGLT2-positive proximal tubule transcriptome in

Akita mice.

A. PCA of Akita+dapagliflozin (dapa) vs Akita. B. Volcano plot between Akita+dapa and Akita.
C. Top 10 enriched pathways with DEGs of Akta+dapa vs Akita. D. Correlation plot of two sets
of comparisons [(Akita vs WT) and (Akita+dapa vs Akita)]. About 43% genes that are
deregulated in Akita were normalized by dapa. E. Correlation plot of RNA-seq data and
proteomics data. DEGs in Akita+dapa vs Akita positively correlate with protein expression

changes. Significantly altered proteins in proteomic analysis (adjusted P<0.1) are denoted (red
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dots). F. Heatmap of transporter genes that are changed in Akita and restored by dapa. G.
Heatmap of transporter genes that are not significantly affected in Akita vs WT but altered (all

upregulated) by dapa in Akita.

Figure 4. Effects of semaglutide or Sglt1 KO on SGLT2-positive proximal tubule

transcriptome in Akita mice.

A. Volcano plot of Akita+semaglutide (sema) vs Akita. B. Top 10 enriched pathways by sema
treatment in Akita mice. C. Ven diagram of two sets of comparisons [(Akita vs WT) and
(Akita+sema vs Akita)] shows that ~10% of deregulated genes in Akita were normalized by
sema. D. Heatmap of transporter genes that are differentially regulated by sema in Akita.
Transporters that are deregulated in Akita but normalized by sema are highlighted with red box.
Transporters marked with asterisks are regulated in the same way by sema and dapa. E.
Volcano plot of Sglt1 KO Akita vs Akita. F. Heatmap of transporter genes affected by Sglt1 KO
in Akita. Cacna1d is the only restored gene by loss of SGLT1.

Figure 5. Effects of combined inhibition of SGLT1 and SGLT2 on SGLT2-positive

proximal tubule transcriptome in Akita mice.

A. PCA of Sglt1 KO Akita+dapa vs Akita. B. Volcano plot of comparison between Sglt1 KO
Akita+dapa and Akita. C. Ven diagram shows that ~61% of deregulated genes in Akita are
normalized by combined Sglt1 KO and SGLT2 inhibition [(Akita vs WT) and (Sglt1 KO
Akita+dapa vs Akita)], while SGLT2 inhibition alone restored ~43% [(Akita vs WT) and
(Akita+dapa vs Akita)]. D. Top 10 pathway enrichments by Sglt1 KO+dapa in Akita. E. Heatmap
of 28 transporter genes that are restored by Sglt1 KO+dapa in Akita.

Figure 6. Exploring new therapeutic targets in the diabetic early proximal tubule.

A. Heatmap of 61 affected genes in Akita which are unresponsive to dapa, sema, Sglt1 KO or
Sglt1 KO+dapa. B. Top 5 enriched pathways by 61 unresponsive genes. C. Heatmap of 14
transporter genes that are changed by diabetes but not significantly altered in diabetic mice by
dapa, sema, Sglt1 KO or Sglt1 KO+dapa. D. Correlation between the percentage of restored

genes and blood glucose effect by treatment in Akita.
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Suppl Figure S1  Targeted transporter analysis for dapa: transporters whose gene expression in the SGLT2-

Part One positive proximal tubule is sensitive to SGLT2 inhibitor dapagliflozin in diabetic mice.
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Suppl Figure S1
Part Two
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Suppl Figure S2
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Western blot analysis of transporters in whole kidney membrane fractions.
Values are means + SE, and two-tailed t-test was performed for Akita vs WT or
Akita+dapa.



Suppl Figure S3

SGLT2-positive
proximal tubule
in Akita mice

Genes whose expression in the SGLT2-positive proximal tubule is restored
by GLP1R agonist semaglutide in diabetic mice.
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Suppl Figure S4  Targeted transporter analysis for sema: transporters whose gene expression in the SGLT2-

» positive proximal tubule is sensitive to GLP1R agonist semaglutide in diabetic mice.
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IS-LCM and Transcriptomics of SGLT2-positive early proximal tubules
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* Combining IS-LCM of SGLT2-positive segments with RNA-seq
identified >20K annotated protein-coding genes.

*  ~1% of genes were differentially expressed (DEGs) by Akita including
downregulation of fatty acid metabolism and selected transporters.

* SGLT2i restored 43% of DEGs in Akita, and SGLT1&2 inhibition was
synergistic possibly due to additive blood glucose effects.

* GLP1RA restored ~10% of DEGs despite small blood glucose effect.





