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Tubular-specific CDK12 knockout
causes a defect in urine concentration due
to premature cleavage of the slc12a1 gene
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Cyclin-dependent kinase 12 (CDK12) plays a critical role in regu-
lating gene transcription. CDK12 inhibition is a potential anti-
cancer therapeutic strategy. However, several clinical trials have
shown that CDK inhibitors might cause renal dysfunction and
electrolytedisorders.CDK12 is abundant in renal tubular epithe-
lial cells (RTECs), but the exact roleofCDK12 in renalphysiology
remains unclear. Genetic knockout of CDK12 in mouse RTECs
causes polydipsia, polyuria, and hydronephrosis. This phenotype
is caused by defects in water reabsorption that are the result of
reducedNa-K-2Cl cotransporter 2 (NKCC2) levels in the kidney.
In addition, CKD12 knockout causes an increase in Slc12a1
(which encodes NKCC2) intronic polyadenylation events, which
results in Slc12a1 truncated transcript production and NKCC2
downregulation. These findings provide novel insight into
CDK12 being necessary for maintaining renal homeostasis by
regulating NKCC2 transcription, which explains the critical wa-
ter and electrolyte disturbance that occurs during the application
of CDK12 inhibitors for cancer treatment. Therefore, there are
safety concerns about the clinical use of these new anticancer
drugs.

INTRODUCTION
Cyclin-dependent kinase 12 (CDK12), first isolated and characterized
by Ko et al. in 2001, belongs to the transcription-related cyclin-depen-
dent kinase (CDK) family.1 CDK12 maps on chromosome 17q12,
which contains oncogene and genetic alterations in various tumors.2

Next-generation sequencing data suggested that CDK12 mutation is
common in cancers.3,4 CDK12 depletion attenuates DNA damage
response (DDR) gene expression and promotes tumorigenesis.5 In
preclinical studies, CDK12 depletion resulted in synthetic lethality
in response to poly (ADP-ribose) polymerase (PARP) inhibitors
(olaparib) and increased cisplatin and olaparib cytotoxicity.6

By targeting CDK12 and CDK13, the covalent inhibitor THZ531
exhibits potent efficacy in a variety of cancers.7–9 Dinaciclib, a
pan-CDK inhibitor, potently inhibits CDK12 activity (half-maximal
inhibitory concentration [IC50] = 0.050 mM) and is commonly used
in clinical trials.10 There are 18 registered dinaciclib studies in the
clinicaltrials.gov global database, using dinaciclib only or in combina-
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tion with chemotherapeutic compounds. Among these dinaciclib
studies, 6 clinical trials reported that dinaciclib causes renal adverse ef-
fects, including hyperuricemia, creatinine elevation, hypokalemia, hy-
ponatremia, and hypotension (Date base: https://clinicaltrials.gov).
Furthermore, a genome-wide association and functional follow-up
with 130,600 European ancestry participants demonstrated that
CDK12 loci are negatively associated with the estimated glomerular
filtration rate (eGFR).11 In the kidney, CDK12 is abundantly expressed
in renal tubular epithelial cells (https://www.proteinatlas.org).

CDK12 deficiency results in embryonic lethality shortly after implan-
tation, as increased apoptosis in CDK12�/� blastocysts prevents the
outgrowth of the inner cell mass.12 To clarify the role of CDK12 in
renal physiology and metabolism, we generated a conditional mutant
mouse line that harbors CDK12 deletion selectively in renal tubular
epithelial cells (RTECs). Interestingly, the RTEC-specific CDK12
knockout mice presented with striking urine concentration defects,
which may explain the renal side effects of CDK12 inhibition in clin-
ical trials of malignancy. Our study highlighted a novel role of CDK12
in regulating salt and water homeostasis in the kidney, which sug-
gested particular safety concerns about renal side effects during the
application of CDK12 inhibitors as anticancer agents.
RESULTS
Generation of mice with specific deletion of CDK12 in RTECs

To explore the function of CDK12 in the kidney, we generated a novel
CDK12flox/flox line harboring loxP sites flanking exon 4 of the Cdk12
gene. By breeding with cdh16-Cre transgene mice, in which Cre
ors.
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Production and verification of the CDK12 renal tubular cell knockout mouse model

(A) Schematic of the CKD12-ko vector showing loxp sites flanking exon 4, the gene encoding CDK12 (3.1% of the coding region). (B) Representative images of CDK12 flox

andCdh16-Cre determination. (C and D) Western blot analysis of CDK12 in kidney tissues. Data are presented as the means ± SE, n = 4. (E) Representative confocal images

show the changes in CDK12 in the nuclei of tubules in paraffin-embedded kidney sections. Scale bars, 20 mm. *p < 0.05 versus CDK12CTRL group, unpaired t-test.
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expression is limited to the renal tubules, including Bowman’s capsule,
proximal tubule, loop of Henle, distal tubule, and the collecting duct,
we produced cdh16-Cre+ CDK12flox/flox mice (CDK12RTEC�/�) and
cdh16-Cre- CDK12flox/flox littermates (CKD12CTRL) (Figure 1A).13

CDK12RTEC�/� and CDK12CTRL mice were genotyped using a PCR
method (Figure 1B). Consistently, CDK12RTEC�/� mice exhibited
CDK12 protein deficiency compared with CDK12CTRL mice
(Figures 1C and 1D). Using immunofluorescence staining, we found
that CDK12 protein was mainly expressed in the nucleus of RTECs
and was blocked by RTEC-specific CDK12 deletion (Figure 1E).

RTEC-specific CDK12 deletion leads to polyuria with low

osmolality of the urine

There was no difference in gross appearance between CDK12RTEC–/–

and CDK12CTRL mice. Interestingly, CDK12RTEC–/– mice exhibited
severe polyuria and polydipsia, as evidenced by excessive urination
and thirst. After being placed in metabolic cages overnight,
CDK12RTEC–/– mice exhibited a 5-fold higher urine volume and lower
osmolality than CDK12CTRL mice (Figures 2A–2C). As shown in Fig-
ure 2D, water consumption by CDK12RTEC–/– mice was 5-fold higher
than that of CDK12CTRL mice. The body weights were similar between
theCDK12RTEC–/– andCDK12CTRL groups (Figure 2E). These data sug-
gested that RETC-specific deletion of CDK12 induced excessive thirst
anddiluted urine excretion, possibly due to a renal concentration defect.

CDK12 deficiency in RTECs affects the morphology of the uri-

nary system

At the age of 10 weeks, CDK12RTEC–/– mice showed hydronephrosis,
characterized by an enlarged urinary system, including hydronephrosis
and bladder extension (Figures 3A–3D). Under higher magnification,
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Figure 2. CDK12RTEC–/– mice display polyuria with low urine osmolality

(A andB)Representativeurine appearance andurine volumeofCDK12CTRLandCDK12RTEC–/–mice. (C) Urineosmolality ofCDK12CTRL andCDK12RTEC–/–mice. (D) The volumeof

drinking water consumed by CDK12CTRL and CDK12RTEC–/– mice. (E) Body weight of CDK12CTRL and CDK12RTEC–/– mice. *p < 0.05 versus CDK12CTRL, unpaired t-test, n = 5.
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kidneys from CDK12RTEC–/– mice had severe renal tubule lumen dila-
tion compared with the CDK12CTRL mice (Figure 3E). CDK12 defi-
ciency in RTECs induced mild tubulointerstitial fibrosis at week 10
without affecting the glomerular histology (Figures 3F and 3G). Consis-
tently, CDK12RTEC–/–mice had higher blood urea nitrogen (BUN) and
serum creatinine levels than CDK12CTRL mice (Figures 3H and 3I).
These data suggested that overloaded urination in CDK12RTEC–/–

mice could cause hydronephrosis and mild tubulointerstitial fibrosis.

CDK12 deficiency in RTECs aggravates dehydration

Nephrogenic diabetes insipidus (NDI), the most common cause of
polyuria, is induced by arginine vasopressin (AVP)-AVP receptor-
aquaporin 2 (AQP2) axis defects.14 CDK12RTEC–/–mice showed slightly
elevated serum AVP levels compared with CDK12CTRL mice, but the
difference was not statistically significant (Figure 4A). Deprivation of
drinking water for 24 h induced 20% body weight loss in the
CDK12RTEC–/–mice (Figures 4B and 4C). However, both the urine vol-
ume and the urine osmolality showed no significant changes in
CDK12RTEC–/– mice after water deprivation (Figures 4D and 4E).
Concomitantly, water deprivation increased the serum sodium, potas-
sium, and chloride levels of CDK12RTEC–/– mice but not CDK12CTRL

mice (Figures 4F–4H). In contrast, urine sodium, potassium, and chlo-
ride levels were significantly elevated in CDK12CTRL mice but not
CDK12RTEC–/– mice (Figures 4I–4K). These observations suggested
that the CDK12RTEC–/– mice had defects in responding to antidiuretic
signals.

AQP2 is the effector of AVP, and AQP2 loss-mediated water nonper-
meability is a central component of NDI.15 The aqp2mRNA level was
3302 Molecular Therapy Vol. 30 No 10 October 2022
unexpectedly increased in the kidneys of CDK12RTEC–/– mice under
water deprivation (Figure 4L) as well as the AQP2 protein level
(Figures 4M and 4N). Defects in AQP2 shuttling to the cell surface
impairs the urine concentrating capacity.16–18 Interestingly, the loca-
tion of AQP2 in the membrane was unimpaired in CDK12RTEC–/–

mice (Figure 4O). Collectively, these data indicated that the polyuria
in CDK12RTEC–/– mice was not caused by the loss and/or abnormal
distribution of AQP2.

Potential targets for CDK12 in RTECs

Gene expression analyses showed differential expression of 2,203
genes between CDK12CTRL and CDK12 RTEC–/– mice. The data re-
vealed that 1,059 of the genes were downregulated, and 1,144 were
upregulated (Data S1). Gene ontology (GO) enrichment analysis of
the downregulated genes revealed enrichment of genes associated
with transmembrane transporter activity (Figure 5A). By computa-
tional mining of PubMed, we identified 11 genes, the deletion of
which results in polyuria. The differential expression of those genes
in our gene expression omnibus data was ranked. Interestingly, the
cotransporter solute carrier family 12 member 1 (Slc12a1) and aqp1
were significantly decreased in CDK12RTEC–/– versus CDK12CTRL

mice (Figures 5B and 5C). We performed RT-qPCR for the Slc12a1
and aqp1 genes and immunoblotting for Na-K-2Cl cotransporter 2
(NKCC2) (the protein encoded by the Slc12a1 gene) and AQP1.
There was a significant decline in Slc12a1mRNA and NKCC2 protein
levels in CDK12RTEC–/– mice but no changes in the levels of aqp1
mRNA and AQP1 protein (Figures 5D–5H). The immunohistochem-
ical results further verified that the expression of NKCC2, but not
AQP1, was decreased in the medulla of CDK12RTEC–/– mice



Figure 3. Morphological changes in the urinary system in CDK12RTEC–/– mice

(A) Representative images of enlarged bladders of CDK12RTEC�/�mice at 10 weeks old. Arrowheads indicate dilated urinary bladder. (B) Representative images of the urinary

system in CDK12CTRL and CDK12RTEC–/– mice at 10 weeks old. (C) Representative images of whole kidney and sagittal sections in CDK12CTRL and CDK12RTEC–/– mice at

10 weeks old. (D) Representative images of H&E staining on sagittal sections in CDK12CTRL and CDK12RTEC–/– mice at 10 weeks old. Scale bars, 3 mm. (E) Representative

images of H&E staining and (F andG)Masson’s trichrome staining in CDK12CTRL and CDK12RTEC–/–mice at 10weeks old Scale bars, 100 mm. (H) BUN and (I) creatinine levels

in CDK12CTRL and CDK12RTEC–/– mice at 10 weeks of age. *p < 0.05 versus CDK12CTRL, unpaired t-test, n = 5.
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compared with CDK12CTRL mice (Figure 5I). Moreover, the expres-
sion of SLC12A1 and NKCC2 significantly decreased in CDK12 small
interfering RNA (siRNA)-treated HEK293 cells compared with con-
trols (Figures 5J–5L). Thus, RTEC-specific CDK12 deficiency may
induce renal concentration defects by inhibiting NKCC2 expression.

NKCC2 overexpression improved polyuria in CDK12RTEC–/– mice

To further confirm the causative effect of NKCC2 in CDK12 defi-
ciency-induced polyuria, GFP-labeled NKCC2 overexpression
lentivirus was administered to 4-week-old CDK12CTRL and
CDK12RTEC–/– mice. Urine samples were collected every week, and
the mice were sacrificed at 6 weeks old (Figure 6A). Lentivirus injec-
tion successfully rescued renal NKCC2 expression after 2 weeks
(Figures 6B–6E). The body weight increase of CDK12RTEC–/– mice
was indistinguishable from that of CDK12CTRL mice (Figure 6G).
CDK12RTEC–/– mice exhibited a urine output reduction after 1 week
of lentivirus injection and the change was more significant after
2 weeks (Figures 6F and 6H). Strikingly, NKCC2 overexpression
lentivirus administration caused a fold increase in urinary sodium,
chloride, and urine osmolality in CDK12RTEC–/– mice (Figures 6I–
6L). Collectively, we concluded that NKCC2 downregulation was
causing the urine concentration defect in CDK12RTEC–/– mice.
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Knockout of CDK12 in RTECs increases intronic polyadenylation

(IPA) and premature cleavage of the slc12a1 gene

Previous reports have verified that CDK12 preferentially regulates the
expression of long genes with high numbers of exons.5 Here, we found
a significant loss of genes featuring long genes and higher numbers of
exons compared with the known transcript reference genome, espe-
cially in genes with more than 20 exons (Data S2). GO enrichment
analysis of the significantly changed genes showed enrichment of
genes associated with RNAPII-proximal-promoter-sequence-specific
DNA binding and regulation, which were upregulated (Figure 7A).
Concomitantly, RNAPII C-terminal domain (CTD) Ser2 and Ser5
phosphorylation was reduced in CDK12RTEC–/– mice. In an in vitro
study, RNAPII CTD Ser2 and Ser5 phosphorylation was also
decreased in siCDK12-treated HEK293 cells (Figures 7B–7H).

CDK12 regulates RNA splicing, cleavage, and polyadenylation.19–21

Oxford Nanopore Technologies (ONT) were applied to detect the
polyadenylation events and the transcript of slc12a1 due to its ultra-
long read length.22 Compared with CDK12CTRL mice, the slc12a1
gene in CDK12RTEC–/– mouse kidneys was enriched in intronic pol-
yadenylation (IPA) events, but it lost the distal polyadenylation site
and formed short slc12a1 transcript variants (Figures 7I and 7J).
Taken together, our data suggested that CKD12 knockout could
cause an increase in Slc12a1 gene IPA site usage, which resulted
in Slc12a1 gene truncated transcript production and NKCC2
downregulation.

DISCUSSION
In the present study, we generated a renal-tubular-specific CDK12
knockout (KO) mouse and demonstrated that CDK12 plays a critical
role in maintaining renal water and electrolyte homeostasis by regu-
lating Slc12a1 gene transcription. CDK12 loss in RTECs reduced
RNAPII CTD phosphorylation, increased IPA site usage, and formed
truncated isoforms of the Slc12a1 gene transcript, finally downregu-
lating NKCC2.

NDI, the primary cause of polyuria, is linked to the effects of AVPR2
or AQP2 mutation in the collecting duct.23,24 The collecting duct is
the final concentration segment of the nephron, and its function de-
pends on the availability and proper luminal side distribution of
AQP2 water channels.25 Interestingly, both vasopressin and AQP2
were slightly increased in the CDK12RTEC–/– mouse kidney, even
though the vasopressin changes did not reach statistical significance.
In addition, AQP2 typically aggregated at the luminal side of the col-
lecting duct in CDK12RTEC–/– mice. These data suggested that the
Figure 4. Changes in CDK12RTEC–/– mice under dehydration

(A) Plasma AVP levels in CDK12CTRL and CDK12RTEC�/�mice at 10 weeks old. (B) Repre

indicate dehydration. (C) Body weight changes before and after 24 h of water deprivation

CDK12CTRL and CDK12RTEC�/� mice before and after 24 h of water deprivation. (F) S

(K) chloride in CDK12CTRL and CDK12RTEC�/� mice before and after 24 h of water dep

in CDK12CTRL and CDK12RTEC�/� mouse kidneys, n = 6. (M and N) Western blot anal

AQP2 in kidney tissues. Data are presented as the means ± SE, n = 4. (O) Representat

kidney sections. Scale bar, 20 mm. *p < 0.05 versus CDK12CTRL, unpaired t-test, n = 5
polyuria in CDK12RTEC–/– mice is distinct from that of NDI. AQP2
accumulation is possibly the outcome of the compensatory response
under hyposthenuria.

NKCC2 is an integral membrane protein restricted to the apical
membrane of the thick ascending limbs (TALs) of Henle’s loop,
which is water impermeable. NKCC2 mediates the cotranslocation
of Na+, K+, and 2 Cl� ions through the apical membrane of
TALs.26 The major constituent of the osmotic gradient is NaCl.
NaCl absorbed by NKCC2 enriches interstitial osmolality and fuels
the countercurrent multiplication mechanism.27,28 To produce
concentrated urine, the collecting duct, in a second step, has to allow
water to be reabsorbed through AQP2 and therefore equilibration of
the luminal osmolality to the basolateral osmolality. The absence
of salt transport across NKCC2 in TALs prevents the establishment
of the normal osmotic gradient, which is necessary for urine concen-
tration.28,29 Similar to NKCC2�/� mice and Na-K-2Cl transport
inhibitor furosemide-treated wild-type mice, CDK12RTEC–/– mice
manifested NKCC2 reduction, dissolved medullary hyperosmotic,
and polyuria (Figures 2A and 5F).30 The effect of the NKCC2 reduc-
tion responsible for the polyuria in CDK12RTEC–/– mice was further
confirmed by our rescue experiments: NKCC2 overexpression
reduced the urine output of CDK12RTEC–/– mice (Figure 6).

NKCC2 is encoded by the Slc12a1 gene, located on chromosome 2, con-
taining 29 exons with a full length of 77 kb.26 Consistent with previous
studies, CDK12 deficiency preferentially affects long genes with high
numbers of exons.5 It has been reported that CDK12 depletion de-
creases RNAPII CTD phosphorylation and lowers the RNAPII elonga-
tion rates.20,31Our data showed thatCDK12 loss reducedRNAPIICTD
Ser2 and Ser5 phosphorylation. Ser5 phosphorylation is required for es-
tablishing pausing, and Ser2 phosphorylation is necessary for coupling
transcription to mRNA processing.32 Meanwhile, the accumulation of
the RNAPII-proximal-promoter-sequence-specific DNA binding
genes in CDK12RTEC–/– mouse kidneys indicated that the RNAPII
density increased upstream and less RNAPII entered productive elon-
gation.33,34 These results suggested that CDK12 KO induced downre-
gulation of RNAPII CTD Ser2 and Ser5 phosphorylation may slow
Slc12a1 gene transcriptional elongation dynamics.

Because Cdk12-dependent RNAPII CTD Ser2 phosphorylation sup-
presses IPA site usage, CDK12-KO-induced RNAPII CTD Ser2 and
Ser5 phosphorylation downregulation may result in IPA events in
the Slc12a1 gene.20,35 ONT could offer the ability to directly
access full-length transcript data that can more accurately reflect
sentative images of mice under water provision and deprivation for 24 h; arrowheads

in CDK12CTRL and CDK12RTEC�/�mice. (D) Urine output and (E) urine osmolality of

erum sodium, (G) potassium, (H) chloride and (I) urine sodium, (J) potassium, and

rivation. Data are the means ± SE, n = 5. (L) Relative aqp2 gene expression levels

ysis of glycosylated (arrowhead, 37 kDa) and nonglycosylated (arrowhead, 25 kDa)

ive confocal images showing the changes in AQP2 in tubules in paraffin-embedded

.
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transcriptome information and has significant advantages in identi-
fying novel RNA molecules and complex isoforms.36,37 In this study,
ONT RNA sequencing (RNA-seq) data indicated that the Slc12a1
gene was enriched in the frequency of proximal IPA events but lost
distal polyadenylation in CDK12RTEC–/– mice. As reported before,
the increased Slc12a1 gene proximal IPA site usage decreased the
splicing efficiency and then increased the cleavage activity, which
was directly strengthened by the accumulation of Slc12a1 short trun-
cated isoforms.38,39

The kidney histological findings in CDK12RTEC–/– mice showed
obvious hydronephrosis and mild tubulointerstitial fibrosis.
Previously, many studies have suggested that tubulointerstitial
inflammation and fibrosis predict a detrimental outcome of chronic
kidney disease.40–44 The tubulointerstitial lesion of CDK12RTEC–/–

mice may be the result of the long-term elevation of renal pelvis
pressure and activation of profibrotic factors mediated by CDK12
KO.

Since the development of CDK12 inhibitors, they have been increas-
ingly used in the treatment of cancers.5,45 However, renal function
decline as well as water electrolyte disorders, including hyponatre-
mia, hypochloridemia, hypokalemia, and hypotension (Table S1),
have been repeatedly reported in clinical trials of CDK12 inhibitors,
while the potential mechanism is not understood. Our present
study provides a novel molecular mechanism for the critical renal
adverse effects induced by CDK12 inhibitors, implying that special
care should be taken in regard to water electrolyte disorders and
kidney dysfunction when CDK12 inhibitors are used to treat
cancers.

In summary, CDK12 activity is essential for maintaining renal ho-
meostasis by regulating NKCC2 transcription, and CDK12 deficiency
in RTECs causes urine concentration defects due to premature cleav-
age of the slc12a1 gene. Therefore, when CDK12 inhibitors are
applied in patients with cancers, it is important to be aware that fluid
and electrolyte disturbances should be prevented to avoid kidney
damage and critical clinical situations.

MATERIALS AND METHODS
Cell culture

HEK293 cells were obtained from ATCC (ATCC CRL-1573).
HEK293 cells were grown in DMEM supplemented with 10% fetal
calf serum and 2 mM L-glutamine at 37�C and 5% CO2.
Figure 5. CDK12RTEC–/– mice exhibit a reduction in NKCC2 in the kidney

(A) GO enrichment analysis of downregulated genes in CDK12RTEC�/� mice compared w

RNA-seq data. (C) Log2 fold change (FC) gene expression volcano plots for CDK12CTRL

Genes exhibiting a log2FC of >2 (red) or <�2 (blue) with an adjusted p <0.01 are highl

mouse kidneys, n = 6. (E) Relative Slc12a1 gene expression levels in CDK12CTRL and

NKCC2 in CDK12CTRL and CDK12RTEC�/� mice, n = 4. *p < 0.05 versus CDK12CTRL,

the changes in AQP1 and NKCC2 in the cortex and medulla in paraffin-embedded kid

NKCC2 in HEK293 cells transfected with siCDK12 and control siRNA, n = 4. (L) Relat

control siRNA, n = 6. *p < 0.05, < 0.05, **p < 0.01 versus the control siRNA treated H
Transfection of CDK12-siRNA into HEK293 cells

To downregulate the expression of CDK12 in HEK293 cells, transfec-
tions were performed using Lipofectamine 3000 reagent (Invitrogen)
with si-CDK12 (Hanheng). Briefly, a total of 5 ng of siRNA and 2 mL
of Lipofectamine 3000weremixedwithOpti-MEM for the transfection
of approximately 8 � 106 cells. The cells were harvested 48 h after
transfection.

Generation of CDK12RTEC–/– mice

Renal-tubular-specific CDK12RTEC�/� mice were generated by cross-
breeding CDK12flox/flox with cdh16-Cre. Before phenotypic analyses,
the colony was backcrossed onto a pure C57BL/6J genetic background
formore than seven generations. Ten-week-oldmicewere subjected to
analysis. An almost equal ratio of male to female mice was used in our
experiments. The 24 h urine and drinking water were measured using
a metabolic cage, and osmolality was measured by SRL. Plasma AVP
was quantified with a competitive enzyme-linked immunoassay (Arg-
Vasopressin ELISA Kit, Cusabio Life Sciences). Blood samples were
collected from themice and analyzed using the i-STAT1 analyzer (Ab-
bott). All animal experiments were performed in accordance with
standard guidelines for the care and use of laboratory animals and
approved by our institutional animal care and use committee.

In vivo virus transduction

In vivo virus transduction to express Slc12a1 in CDK12 KO mice was
performed as described previously with slight modifications.46 Four-
week-old mice (weighing 15 to 16 g) were anesthetized with pentobar-
bital sodium (50 mg/kg, Sigma-Aldrich) by intraperitoneal injection,
and then a 31Gneedlewas inserted at the lower pole of the bilateral kid-
neys parallel to the long axis andwas carefully pushed toward the upper
pole. As the needle was slowly removed, 50 mL of filter-purified lenti-
virus cocktail (EGFP or EGFP-slc12a1, �2 � 106 IU/mL) was injected
into each kidney. The 24 h urine was collected at 1 and 2 weeks after
virus injection.

Kidney histology and quantification

Kidneys were fixed with 4% formaldehyde, embedded in paraffin, and
sectioned to 4-mm thickness. Renal sections were used for H&E and
Masson’s trichrome staining. The results were averaged for each
mouse. At least five random tissue sections per mouse were assessed
by Masson’s trichrome staining to evaluate interstitial fibrosis. Tissue
fibrosis as defined by blue staining was scored by three experienced
observers blinded to the experimental conditions, and the average
values of the fibrosis scores were reported.
ith CDK12CTRL mice. (B) Heatmap showing polyuria-related gene expression from

and CDK12RTEC�/� mouse kidneys. The Slc12a1 gene and aqp2 gene are labeled.

ighted. (D) Relative aqp1 gene expression levels in CDK12CTRL and CDK12RTEC�/�

CDK12RTEC�/� mouse kidneys, n = 6. (F–H) Western blot analysis of AQP1 and

unpaired t-test. (I) Representative immunohistochemical staining images showing

ney sections. Scale bars, 100 mm. (J and K) Western blot analysis of CDK12 and

ive SLC12A1 gene expression level in HEK293 cells transfected with siCDK12 and

EK293 cells, unpaired t-test.
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Figure 6. Overexpression of NKCC2 rescues CDK12RTEC–/– mouse polyuria

(A) Schematic diagram of the experimental design. Briefly, mouse bilateral kidneys were administered NKCC2 overexpressing lentivirus at 4 weeks old, and urine was

collected every 1 week for 2 weeks after lentivirus injection. (B) Representative images of GFP fluorescence in the kidney. Scale bar, 100 mm. (C–E) Western blot

analysis of CDK12 and NKCC2 in kidney tissues, n = 4. *p < 0.05 versus the control lentivirus injection. (G) Growth curve for CDK12CTRL and CDK12RTEC�/�

mice after NKCC2 overexpressing lentivirus injection. (F and H) Representative appearance and volume of urine after lentivirus injection (I) urine sodium,

(J) potassium, (K) chloride, and (L) urine osmolality after lentivirus injection, n = 4. Data are presented as the means ± SD. *p < 0.05 versus the 4 weeks

CDK12RTEC�/� mice, one-way ANOVA.
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Quantitative real-time PCR assay

Total RNA from cells or kidneys was extracted using TRIzol (Invitro-
gen), and complementary DNA was synthesized using a PrimeScript
3308 Molecular Therapy Vol. 30 No 10 October 2022
RT reagent kit (Takara Bio). Reverse transcript quantitative PCR (RT-
qPCR) was performed using a real-time PCR system (Bio-Rad). The
primer sequences are listed in Table S2.
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Western blot

Theprotein lysates fromHEK293 cells andkidney tissueswereprepared
following standard protocols, and the protein content was determined
using a BCAprotein assay kit (ThermoFisher Scientific). Then, the pro-
tein samples were separated by Bis-Tris gel (Invitrogen) and transferred
onto polyvinylidene difluoride membranes (Millipore) using a wet
transfer system. Membranes were blocked in 5% BSA in TBS-T (Tris-
buffered saline with Tween 20) for 1 h at room temperature and were
incubated with primary antibodies overnight at 4�C. The primary anti-
bodies usedwere anti-AQP2 (ab199975, Abcam; 1:1,000 dilution), anti-
Slc12a1 (Proteintech, 18970-1-ap; 1:1,000 dilution), anti-RNAP II CTD
repeat YSPTSPS (phospho S2) (ab5095, Abcam; 1:3,000 dilution), anti-
RNAP II CTD repeat YSPTSPS (phospho S5) (ab5131, Abcam; 1:3,000
dilution), anti-Rpb1 NTD (14958, Cell Signaling Technology; 1:3,000
dilution), and anti-b-actin (sc-81178, Santa Cruz Biotechnology;
1:40,00 dilution). Then, the membranes were washed and incubated
with HRP-conjugated secondary antibodies for 2 h at room tempera-
ture, and the signals were detected using an enhanced chemilumines-
cence advanced system (GE Healthcare).

Immunohistochemistry and immunofluorescence staining

For immunostaining, samples were stained using anti-AQP1 (sc-
25287; Santa Cruz Biotechnology; 1:400 dilution) and anti-Slc12a1
(Proteintech, 18970-1-ap; 1:500 dilution) and then analyzed using a
streptavidin peroxidase detection system (Maixin) according to the
manufacturer’s protocol. Diaminobenzidine (DAB) (Maixin) was
used as the horseradish peroxidase (HRP)-specific substrate.

For immunofluorescence staining, formaldehyde-fixed kidney sec-
tions were incubated with primary antibodies, including anti-AQP2
(ab199975, Abcam; 1:500 dilution), anti-RNAPII pSer2, (ab5095, Ab-
cam; 1:1,000 dilution), anti-RNAPII pSer5 (ab5131, Abcam; 1:1,000
dilution), and anti-CDK12 (ab2346, Abcam; 1:50 dilution), and
then incubated with secondary antibodies. Cell nuclei were stained
with DAPI. Immunostained samples were visualized under a confocal
microscope (LSM 880NLO, Zeiss).

RNA-seq and genome-wide transcriptome analysis

RNA from the kidneys of mice was prepared for RNA-seq (three bio-
logical replicates for each group). RNA-seq experiments were per-
formed by Novogene (Beijing, China). Briefly, total RNA was isolated
from fresh kidney tissue using TRIzol (Invitrogen). Following the
manufacturer’s recommendations, sequencing libraries were gener-
ated using the NEBNext Ultra RNA Library Prep Kit for Illumina
(New England Biolabs, USA), and index codes were added to attribute
Figure 7. Mechanism by which CKD12 regulates NKCC2 expression

(A) GO enrichment analysis of upregulated genes in the molecular function category in

analysis of RNAPII CTD pSer2 and pSer5 in CDK12CTRL and CDK12RTEC�/�mouse kidn

ern blot analysis of RNAPII CTD pSer2 and pSer5 in HEK293 cells transfected with siCKD

unpaired -test.< 0.05 versus the control siRNA treated HEK293 cells, unpaired t-test. (H)

nuclei of tubules in paraffin-embedded kidney sections. Scale bars, 20 mm. (I) ONT RNA

nylation signal in CDK12CTRL and CDK12RTEC�/� mouse kidneys. EPA, exon polyadeny

seq read transcript of the Slc12a1 gene and its variants in CDK12CTRL and CDK12RTEC
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the sequences to each sample. The library preparations were
sequenced on an Illumina HiSeq platform, and 150 bp paired-end
reads were generated. Reference genome and gene model annotation
files were downloaded from the genome website directly. HTSeq
v.0.6.0 was used to count the read numbers mapped to each gene.
Differential expression analysis of the two conditions was performed
using the edgeR R package (v.3.18.1). The p values were adjusted
using the Benjamini-Hochberg method.47

RNA-seq by Oxford Nanopore Technologies (ONT)

The same RNAused for RNA-seq was used for ONT RNA-seq, and the
ONT RNA-seq experiments were performed by Novogene (Beijing,
China). Oxford PromethION 2D amplicon libraries were generated ac-
cording to the ONT community protocol using the library preparation
kit SQK-LSK109 and sequenced on R9 flow cells to generate fast5 files.
Coding-Non-Coding-Index profiles were set as default parameters.
hmmscan software was used for the protein family (Pfam) database
analysis, and BLAST software was used for the NCBI nonredundant
nucleotide sequence database analysis. Structure annotation was per-
formed using GffCompare to identify known and novel transcripts.48

Statistical analysis

Data are expressed as the means ± SD. Statistical analysis was per-
formed using an unpaired t-test or one-way ANOVA. p < 0.05 was
considered statistically significant.
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