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Primary cultures of proximal tubule cells are widely used to model the behavior of kidney epithelial 
cells in vitro. However, de-differentiation of primary cells upon culture has been observed and 
appreciated for decades, yet the mechanisms driving this phenomenon remain poorly understood. 
This confounds the interpretation of experiments using primary kidney epithelial cells and prevents 
their use to engineer functional kidney tissue ex vivo. In this report, we measure the dynamics of cell-
state transformations in early primary culture of mouse proximal tubules to identify key pathways 
and processes that correlate with and may drive de-differentiation. Our data show that the loss 
of proximal-tubule-specific genes is rapid, uniform, and sustained even after confluent, polarized 
epithelial monolayers develop. This de-differentiation occurs uniformly across many common culture 
condition variations. Changes in early culture were strongly associated with the loss of HNF4A. 
Exogenous re-expression of HNF4A can promote expression of a subset of proximal tubule genes in 
a de-differentiated proximal tubule cell line. Using genetically labeled proximal tubule cells, we show 
that selective pressures very early in culture influence which cells grow to confluence. Together, these 
data indicate that the loss of in vivo function in proximal tubule cultures occurs very early and suggest 
that the sustained loss of HNF4A is a key regulatory event mediating this change.

In the United States alone, over 800,000 patients suffer from end-stage kidney disease (ESKD). Despite decades 
of research1,2, few new therapies for ESKD have emerged. Though kidney epithelial cells can regenerate, 
bioengineered alternatives to dialysis that harness this potential remain elusive. In part, this shortcoming is due 
to an inability to recapitulate the physiology of proximal tubule cells ex vivo.

Cell culture is widely used to model the behavior of cells and tissues in vitro. Many regenerative and modeling 
approaches also rely on cultured cells3–7. Cell culture facilitates experimental manipulations and generates 
samples amenable to most analytical and molecular techniques that may be difficult to apply in vivo. However, to 
achieve these advantages, routine culture is optimized for cell growth and convenience. The resulting conditions 
often differ dramatically from those in vivo, including supraphysiologic growth factor concentrations, diffusion-
limited nutrient transport, and ultra-rigid plastic tissue culture substrates.

Generally, primary cultured cells are labeled according to their tissue of origin. This approach assumes 
cultured cells retain gene expression patterns and pathways that govern in vivo function. However, for highly 
specialized cells, such as epithelial cells in the kidney proximal tubule, many pathways8–11and morphologic 
characteristics12–15are lost early in culture. Kidney organoid models can generate proximal tubules with many 
in vivo characteristics16,17. However, these models are less amenable to high-throughput analyses possible with 
standard cell culture systems accessible to most researchers. We now know that cell lines used widely to model 
proximal tubule function lack expression of most metabolic and transport genes indicative of proximal tubule 
epithelial cells in vivo18. These findings indicate that the physiological state of proximal tubule cells is unstable 
in culture. The rapid morphological and biochemical alterations observed in early primary proximal tubule 
cultures suggest that this instability manifests early. A lack of a detailed molecular understanding of how and 
why such transformations occur limits the utility of proximal tubule cultures to model disease or restore kidney 
function ex vivo.

Though cell changes in proximal tubule cultures have been studied extensively over the last 4 
decades4,7,9,10,12,19–22, most studies predate the advent of accessible high-throughput sequencing techniques to 
assess genome-wide expression changes. Our goal was to measure the dynamics of cell-state transformations in 
early primary culture to identify key pathways and processes that result in de-differentiated cell populations in 
culture. Surprisingly, we found that the loss of proximal-tubule-specific genes occurs rapidly and permanently. 
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No evidence of re-expression of most genes was seen even after confluent, polarized epithelial monolayers 
develop. These changes were strongly associated with loss of the transcription factor Hepatocyte Nuclear Factor 
4 alpha (HNF4A). Using lineage-traced proximal tubule cells, we show that selective pressures early in culture 
influence which cells grow to confluence. Together, these data indicate that the loss of in vivo function occurs 
very early in culture and suggest the loss of HNF4A as a regulatory event mediating this change.

Results
Proximal tubules develop confluent, polarized epithelium in culture
Many isolation protocols exist for obtaining proximal-tubule-enriched samples14,23. We obtained a purified 
preparation of proximal tubules using enrichment by density gradient centrifugation. This method has been 
well established to preserve viability and metabolism during the isolation process24,25 (Fig. 1a). The enriched 
preparations contained 84.2 ± 2.5% proximal tubules, marked with lotus lectin, which was enriched from 
65.7 ± 5.8% (Supplementary Fig. S1) in unpurified aggregates of digested kidneys. Culture medium (see 
Methods) was adapted from established protocols9,14,26. Tubule retention after 1 day was low (Fig. 1b). Many of 
the unattached tubules displayed granular morphology consistent with synchronized tubule death reported by 
others27. Surviving cells formed colonies with epithelial morphology that grew to confluence by 7–10 days of 

Fig. 1.  Proximal tubules develop polarized epithelium in culture. (a) Proximal tubules were isolated and 
enriched from minced kidneys using collagenase digestion followed by gradient centrifugation and cultured 
for 14 days (see “Methods”, scale bar 200 μm). (b) Phase contrast micrographs of typical cultures over 14 days 
(scale bar 100 μm). Arrowhead indicates an example of dome formation. (c) Staining for zonula occludens-1 
(ZO-1) shows development of epithelial morphology throughout the culture (scale bar 200 μm).
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culture (Fig. 1b). The resulting cultures showed uniform zonula occludens-1 (ZO-1) expression (Fig. 1c) and, 
in some areas, formed polarized cuboidal (approximately 10 × 10 × 10  μm) epithelium with apical ZO-1 and 
basolateral sodium potassium ATPase (Supplementary Fig. S2). This also indicates low levels of non-epithelial 
contaminant cell populations, such as fibroblasts. Dome formation8,14, which reflects the formation of tight 
junctions with transepithelial transport, was occasionally observed at the onset of confluence (day 7) but was 
lost with ongoing culture (Fig. 1b). These data establish that our methodology yields a tubule-derived epithelial 
monolayer consistent with the results reported by others.

Proximal-tubule-specific gene expression is rapidly and irreversibly lost in culture
Primary culture of proximal tubules may preserve expression of some genes specific to the proximal tubule18. 
To investigate this in detail, we measured the expression profile of proximal tubule cells during primary culture 
using bulk RNA sequencing (Fig.  2a). In our initial analysis, we focused on a curated list of 193 proximal-
tubule-specific genes derived from microdissected rat tubules28and previously used as a measure of similarity 
to native proximal tubule cells18. This gene set is comprised of genes expressed in each of the three proximal 
tubule segments, S1, S2, and S3, in roughly equal proportions. The proximal tubule preparations were highly 
enriched in the expression of the proximal-tubule-specific genes (Fig. 2b, Day 0) with 78% (149 of 193) with a 
TPM > 15, a fraction consistent with that previously reported for microdissected mouse proximal tubule18,29. 
Surprisingly, we found a near-uniform, rapid, and sustained loss of this gene set within the first 2 days of culture 
(Fig. 2b, Supplementary Data S1, Supplementary Data S2). Even as cells developed confluent, polarized epithelial 
monolayers by 7–14 days (Fig. 1b), there was no evidence of re-expression of most proximal tubule genes. Gene 
Set Enrichment Analysis (GSEA) revealed that proximal-tubule-selective genes were strongly enriched among 
the downregulated genes as early as 1 day after plating (Padj = 1 × 10−32) and remained so throughout the culture 
experiment (14 days, Padj = 6 × 10−50, Fig.  2c). Likewise, when proximal tubule segment-specific gene sets, 
identified by unbiased clustering of single nucleus RNA sequencing data by Kirita et al.30 were substituted, all 
segments showed robust downregulation within 1 day of culture that persisted (Supplementary Fig. S3). Taken 
together, these data suggest that the expression of most genes that define the specific functions of the proximal 
tubule are lost almost immediately in culture.

Transition to culture is characterized by activation of stress and inflammatory pathways
To better define the pathways associated with dedifferentiation, we performed GSEA against the Molecular 
Signatures Database Hallmark Genesets31. Many processes associated with the mature proximal tubule were 
lost early in culture including oxidative metabolism, fatty acid metabolism, and xenobiotic metabolism 
(which includes many transporters) (Fig. 3a). In contrast, three groups of Gene-set-associated processes were 
upregulated. Early culture samples were highly enriched with stress response genes including TNFα signaling 
via NFκB. Transcript levels of Tnf(TNFα) and two downstream targets associated with progression of kidney 
disease32, Ccl2 and Timp1, increased significantly at 1 d and were sustained (Fig. 3b, Supplementary Fig. S4). 
Mid-culture samples (2–7 days) were enriched with pathways associated with mitosis consistent with increased 
Mki67 expression (Supplementary Fig S4). Late culture was associated with the epithelial-to-mesenchymal 
transition gene set.

Fig. 2.  Proximal-specific gene expression is rapidly and irreversibly lost in culture. (a) Overview of 
experimental timeline. (b) Heatmap of 193 proximal tubule genes used by Khundmiri, et al.18 at selected times 
in primary culture. Day 0 reflects proximal tubules prior to plating but after enrichment. Row Z-scores are 
shown and are available in Supplementary Data S2. (c) Gene Set Enrichment Analysis (GSEA) plots for the 
proximal-tubule-specific gene set defined by Khundmiri, et al. in the differentially expressed genes from 1 d 
(vs. 0 day) and 14 days (vs. 0 day) of culture.
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This pattern of inflammatory and stress signatures, followed by proliferation, leading to loss of epithelial 
differentiation is similar to the path followed by proximal tubules that fail to repair after ischemic injury 
identified in several recent single-cell studies30,33–35. Indeed, there was a rapid and sustained induction of 
Havcr1 (also known as Kidney Injury Molecule 1, KIM-1). This pattern mirrors “failed repair” proximal tubules 
in vivo in which Havcr1is induced early after injury and is sustained even after recovery of nearby tubules30 
(Supplementary Fig. S4). When we mapped proximal tubule marker genes defined by Kirita et al.30 to the cell 
culture data using GSEA36–38, we found early enrichment of injury-associated genes and late enrichment of genes 
associated with “failed repair” proximal tubule cells (Supplementary Fig. S5, Supplementary Data S2). Primary 
cultures upregulated most of the “failed repair” genes, but only after cells reached confluence later in culture 
(Fig. 3c, Supplementary Data S2). Based on these findings, we hypothesized that inhibiting this inflammatory 
activation via TNFα or NFκB may delay de-differentiation. However, in the presence of inhibition of TNFα or 
NFκB, tubules failed to attach and grow (Supplementary Fig. S6), suggesting that activation of these pathways is 
essential to establish cultured cells.

De-differentiation in culture is tightly associated with loss of HNF4A activity
To define the key transcriptional pathways driving dedifferentiation in culture, we submitted the differentially 
expressed genes at 1 day of culture to ChEA339, which compares this list with multiple libraries of chromatin 
immunoprecipitation sequencing (ChIP-seq) data to infer transcription factor targets. Transcription factors 
associated with early upregulated genes included FOSL1, MYC, and ATF3, which was consistent with the 
GSEA analysis above that highlighted stress-response pathways (Supplementary Data S3). For downregulated 
genes, HNF4A was the most highly associated transcription target and was central to a network of associated 
transcription factors including HNF4G and NR1H4 (also known as Farnesoid X receptor, Fig. 4a, Supplementary 
Data S3). Both HNF4A30,34and NR1H440play a critical role in acute kidney injury while HNF4G is likely a 
redundant transcription factor in the proximal tubule41. Moreover, HNF4A is critical for the development of the 
mature proximal tubule42.

Recently, Marable et al. used a combination of ChIP-seq and RNA-seq in early kidney development to identify 
genes likely regulated by HNF4A in the proximal tubule42. A heatmap of these HNF4A targets shows rapid loss 
of proximal-tubule-specific HNF4A target expression, including Pck1 and Slc34a1 (Fig. 4b-c, Supplementary 
Data S1). Though similar in appearance to Fig. 2b, only 56 of the 193 proximal tubule genes18 (29%) were also 
HNF4A targets. Those genes that overlap were uniform in their loss of expression with culture. Expression of 
Hnf4a drops by several orders of magnitude in just the first few days of culture (Fig. 4c, Supplementary Fig. S7). 
Differentially downregulated genes were highly enriched with HNF4A targets early in culture and after reaching 
confluence, highlighting that re-expression of this pathway does not occur (Fig. 4d). These data suggest that 
HNF4A and its targets are silenced early in primary culture.

If HNF4A loss results in the loss of PT-specific genes in primary cultures, we hypothesized that re-expression 
of HNF4A could restore some proximal tubule gene expression, as has been shown in trans-differentiation 
studies with fibroblasts43. Silencing of HNF4A expression is also common in most stable proximal tubule cell 
lines18. Our initial studies indicated a low transduction efficiency using an established HNF4A over-expressing 
retroviral vector44. Rather than transducing primary cultures, we used the BUMPT proximal tubule cell line45–47 

Fig. 3.  Transition to culture is characterized by activation of stress and inflammatory pathways. (a) Gene Set 
Enrichment Analysis (GSEA) for all Molecular Signatures Database Hallmark Genesets31 in the differentially 
expressed genes at the indicated timepoint relative to 0 d tubules. The normalized enrichment score (NES) is 
plotted as a heatmap. Only scores with an adjusted Padj < 0.05 are colored (non-significant analyses are gray). 
Only gene sets with significant enrichment at 4 or 5 time points are shown for clarity (data for all pathways 
is available in Supplementary Data S2). (b) Expression of Tnf (TNFα), Ccl2, and Timp1 from biologically 
independent samples using quantitative RT-PCR (corresponding RNA-seq data is shown in Supplementary 
Fig. S4, *P ≤ 0.015, ANOVA with Tukey post hoc test, N = 4) (c) Z-score normalized heatmap of the marker 
genes that defined the failed repair cluster identified by Kirita et al.30.
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which expresses 14% of proximal tubule genes with TPM > 15 (Supplementary Data S4). We generated 3 
independent clones with stable expression of HNF4A and 3 controls. The differentially upregulated genes in the 
HNF4A over-expressing clones were strongly enriched for both proximal-tubule-specific genes18and HNF4A 
targets42 (Supplementary Fig. S8). However, the overall changes in expression were modest with an increase to 
22% of proximal tubule genes with TPM > 15 (P= 0.046, χ2 test). These data suggest that re-expression of HNF4A 
only partly restores a robust proximal tubule phenotype in culture.

De-differentiation is unaffected by culture medium constituents
The composition of culture medium optimized for proximal tubules varies widely. To address the possibility 
that de-differentiation noted above was driven by suboptimal culture conditions we screened several alternative 
culture parameters previously shown to affect primary culture behavior. These included medium constituents 
such as glucose concentration9, insulin concentration9,48, epidermal growth factor49, retinoic acid50, and 
serum51. Furthermore, cells cultured on a porous insert can facilitate transport52. None of these maneuvers 
averted the silencing of HNF4A nor the significant upregulation of Havcr1 (KIM-1) (Fig. 5). Only epidermal 
growth factor (EGF) withdrawal significantly increased HNF4A expression, though it remained several orders of 
magnitude below that of native tubules. This effect was consistent with the known effects of EGF on metabolism 
and proliferation49,53. We also noted that low insulin and serum free conditions slowed growth resulting in a 
lower extent of confluency at 14 days (Supplementary Fig. S9). However, both conditions showed the same 
pattern of gene expression as others studied. This observation suggests that the degree of confluence is not a 
major contributor to the observed trends. Combined, these observations suggest that medium composition has 
minimal influence on long-term cultured cell behavior relative to native expression patterns.

Selective pressure in early culture determines the confluent culture population
There are distinct expression and metabolic profiles in the S1, S2, and S3 segments of the proximal tubule28,30,54,55. 
Since immediate survival and attachment upon culture is poor (Fig. 1b), whether cells from different proximal 
tubule segments have an equal chance of survival is unclear. Thus, the bulk transcriptome in culture could 
be impacted by preferential selection of specific proximal tubule subtypes or even from contaminating non-
proximal tubule cells.

To assess this possibility, we genetically tagged mouse proximal tubules in vivo, prior to culture. Our strategy 
used mice with a phosphoenolpyruvate carboxykinase (PEPCK)-Cre driver with proximal-tubule-selective Cre 
expression (Supplementary Fig. S10)38,56. Mice also carried a reporter construct that expresses tdTomato in 
the absence of Cre recombinase. In the presence of Cre recombinase, the tdTomato gene is excised, enabling 

Fig. 4.  HNF4A activity is central to expression changes in culture. (a) ChEA339 transcription factor network 
map of genes downregulated in the first day after plating. Full results are available in Supplementary Data S3. 
(b) Heatmap of proximal tubule HNF4A targets42 in cultured cells over time. Row Z-scores are shown and are 
available in Supplementary Data S2. (c) Expression of Hnf4a and two of its proximal tubule targets, Slc34a1 
and Pck1. Confirmatory quantitative RT-PCR from independent samples are shown in Supplementary Fig S7. 
(d) Gene Set Enrichment Analysis (GSEA) plots for HNF4A target genes defined by Marable et al.42 in the 
differentially expressed genes after 1 day (vs. 0 day) and 14 days (vs. 0 day) of culture.
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the permanent expression of green fluorescent protein (GFP) (Supplementary Fig. S10). Two variations of the 
construct were used that express fluorescent reporters either in the cell membrane (mT/mG) or in the nuclear 
envelope (nT/nG). We previously showed that PEPCK-Cre, mT/mG mice label most S3 proximal tubule cells 
with less labeling of the S1 and S2 segments and with minimal labeling of non-proximal tubule segments38 
(Fig. 6a, Supplementary Fig. S10). PEPCK-Cre, nT/nG mice also show this pattern but with lower overall labeling 
efficiency compared with mT/mG. (Fig. 6a, Supplementary Fig. S11). In both strains, new labeling is unlikely 
in culture because there is rapid down-regulation of Pck1 (Fig. 4c, Supplementary Fig. S7) whose promotor is 
homologous to the PEPCK-Cre construct56. Therefore, cell labeling using the PEPCK-Cre driver is locked in at 
the beginning of culture and can be used as a reliable indicator of cell lineage. Unlabeled cells still express the 
tdTomato fluorescent marker in the absence of Cre.

Upon primary culture, the fraction of GFP-positive cells was stable at day 1, but we observed a substantial loss 
of GFP-positive cells beyond 2 days (Fig. 6b,c). These data indicate that PEPCK-expressing proximal tubule cells 
are significantly depleted from culture. A second possibility is that sub-populations proliferate at different rates. 
At times beyond 4 days, many areas of the culture were near confluence, causing cell size to vary considerably. 
Therefore, the membrane-labeled cells could not be used to assess differences in proliferative capacity. To address 
this, we performed similar experiments using a nuclear-localized reporter (nT/nG). After epithelial islands were 
established, exponential growth from 2 to 7 days was identical between the two populations (Fig. 6d,f). This 
indicates that the primary driver of selection is survival during the initial few days of culture.

Fig. 5.  De-differentiation is insensitive to culture conditions. (a) Legend and details for specific culture 
condition changes. (b) Quantitative RT-PCR for Hnf4a and Havcr1 in fresh enriched proximal tubules 
(TUBULES) vs. 14 days cultures (*P ≤ 0.05, ANOVA with Tukey post hoc test relative to standard conditions 
(STD) at 14 days; all samples were highly significant compared with tubules, N = 4–9).
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These studies could not distinguish between survival of unlabeled S1/2 cells or the small fraction of 
contaminating non-proximal tubule epithelial cells. To try to distinguish these possibilities, we examined 
enrichment of marker gene sets expressed in other nephron cell types30. Though we detected marker gene 
expression from contaminating tubular cell types in the tubule preparations, markers from nearly all nephron 
cell types were lost immediately in culture (Supplementary Fig. S12). Therefore, selective pressure alone does not 
explain the expression changes observed.

Discussion
Primary cultures of proximal tubules are widely used as models for proximal tubule physiology that may 
overcome many of the limitations of immortalized cell lines18. Our goal was to characterize the changes as 
native proximal tubules enter cell culture at a genome-wide scale. Our experiments revealed three key findings. 
First, primary proximal tubule cultures, though they may have epithelial morphology, lack expression of most 
proximal-tubule-specific genes when compared with their in vivo counterparts. Second, this transformation 
occurs almost immediately at the initiation of culture, is not reversed as cells become confluent, and is strongly 
associated with loss of HNF4A and its targets. Third, early loss of proximal tubule-specific gene expression is 
concurrent with a strong selective pressure that depletes cells derived from the S3 proximal tubule.

The loss of proximal tubule functions in cell culture has been observed for decades. However, primary 
proximal tubule cultures are widely used with the implicit assumption that primary proximal tubule cultures 
model in vivo cell behavior23,47,57,58. One goal of this work was to clarify the strengths and limitations of this 
model and to identify possible mechanisms driving the observed changes. The causes of proximal tubule de-
differentiation were the topic of substantial study in the 1980s and 1990s8–11,21,22,48,59. These studies used tools 
available at that time including measurement of metabolites, cell death, and morphology. In aggregate, these 
studies demonstrated that proximal tubule functions in early culture are substrate-limited. If provided oxygen, 
which is diffusion-limited in static culture60–62, and metabolic substrates in the form of fatty acids or lactate, then 
proximal tubule cultures can continue to perform functions such as gluconeogenesis for a time. Growth factors, 
such as insulin and EGF, also influence the rate of de-differentiation9,48,49. However, even under optimized 
conditions, cells invariably lose many specific proximal tubule functions in prolonged culture. This indicates that 
neither substrate availability nor changes in growth factor availability are the sole drivers of de-differentiation.

Consistent with these observations, a central finding of our work is that changes in proximal-tubule-specific 
gene expression are rapid, quantitatively large, and irreversible under standard conditions. Gene expression 
changes in early culture closely model that of ischemic injury and progression to a chronic “failed repair” state 

Fig. 6.  Early culture selects against PEPCK expressing proximal tubules. (a) Summary of in vivo GFP labelling 
efficiency by proximal tubule segment (PT Seg) for each mouse strain used in the labeling studies. Additional 
data is shown in Supplementary Figs. S10 and S11. All unlabeled cells express tdTomato. (b) Tubules from 
6-week-old female mice with a PEPCK-Cre driver and a membrane-bound tdTomato/GFP reporter (mT/
mG) were cultured as in Fig. 1 and followed in early culture (0–4 days). Proximal tubule cells that expressed 
the PEPCK-Cre driver in vivo are stably marked by GFP. All other cells label with tdTomato (tdT) (c) The 
relative fraction of tdTomato vs. GFP area was used as a surrogate for cell population in early culture (*P < 0.05, 
ANOVA with Tukey post hoc test relative to just after plating, 0 day, N = 5 independent experiments). (d) 
During growth, cell area varied and was a poor surrogate for cell proliferation. Therefore, the mT/mG reporter 
was replaced with a nuclear membrane localized tdTomato/GFP reporter (nT/nG). Tubules from these 
mice were cultured for 14 days. (e) After 2 days, individual nuclei were identifiable and used to quantify the 
populations of cells of each type. The average cell density for each independent replicate experiment (N = 3) 
is shown. (f) The doubling time was calculated during exponential growth (3–7 days, box) and was equivalent 
between GFP and tdTomato marked cells (P = 0.88, paired t-test). Scale bars 200 μm.
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rather than repair. These findings explain why proximal tubule substrate responses are strongest in the early 
culture period when the protein products of these genes are still present. The fact that prolonged culture parallels 
“failed repair” is consistent with metabolic changes associated with chronic injury63. Furthermore, we noted 
inflammatory pathways are correlated with de-differentiation. However, inhibition of these pathways blocks the 
establishment of cells in culture. This observation suggests that proliferation and differentiation are mutually 
exclusive. Similarly, proximal tubules provided with oxygen and fatty acid substrates showed more differentiated 
metabolism but slower growth8,11,21. In vivo, the established paradigm for repair requires de-differentiation 
before proliferation and is consistent with decades of studies on AKI64. These features highlight the potential 
utility of primary cultures to model AKI recovery but may limit their use for investigating normal proximal 
tubule physiology.

Our analysis identified the loss of HNF4A as a key event in de-differentiation. HNF4A is critical for the 
establishment of unique proximal tubule metabolism in kidney development42. In ischemic AKI, the re-
expression of HNF4A tightly correlates with successful repair whereas failed repair cells do not express 
HNF4A30,34. However, the regulation of HNF4A expression in the normal and regenerating proximal tubule is 
not well defined. HNF4A is also expressed in the gastrointestinal tract, including the liver and pancreas, where 
it is regulated by oxygen tension, likely independently of hypoxia-inducible factor65,66. However, our finding that 
overexpression of HNF4A alone in the proximal tubule cell line BUMPT did not restore expression of many in 
vivo HNF4A targets suggests other factors are required or epigenetic changes have rendered HNF4A targets 
inaccessible. However, our findings suggest that primary cultures could be an excellent model for studying 
factors that control dynamic HNF4A expression and target accessibility during repair in vivo.

Many variables affect proximal tubules in culture. Exploring this parameter space exhaustively was beyond 
the scope of this study, nor was our goal to develop optimized culture conditions. Instead, we selected culture 
conditions that would be accessible to most labs and that reflect the way primary cultures are used in most 
studies, most commonly static culture on tissue culture plastic. However, other variables and conditions may 
be important, but are not widely implemented. Medium flow induced by oscillatory motion exerts shear stress 
on the cultured cells and facilitates transport of oxygen and other metabolites8,10,20,67. The elasticity12,13,68and 
composition15of the cell substrate influence gene expression, proliferation, and growth factor presentation. 
We also did not include TGF-B1 inhibition which helps to reinduce some proximal tubule markers and 
functions12,69–71, though our data does indicate a substantial and sustained increase in expression of TGF-B1 
that also parallels de-differentiation (Supplementary Data S1). Likewise, we did not test TNFα inhibition at later 
times after monolayers were established. Like inhibition of TGF-B1, TNFα inhibition at later times might support 
re-expression of some proximal tubule genes. Furthermore, proximal tubules in cultured kidney organoids can 
attain many features of mature proximal tubule in vivo16,72. However, proximal tubule cells isolated and cultured 
from organoids also de-differentiate73. These observations are consistent with our study and highlight the role 
of the 3D architecture and communication with surrounding interstitial cells present in organoid models but 
not in routine culture. Exploring these parameters with the approaches and tools outlined here is an important 
next step.

The strong selective pressure observed early in culture highlights the critical need for strategies that optimize 
conditions from the moment of isolation. This was well appreciated in the studies from the last century but, to 
our knowledge, has not been explored in detail recently. Our results highlight that proximal tubule cells that label 
with the PEPCK-Cre driver in vivo, which can mark differentiated proximal tubule in all segments but especially 
the S3 segment, are subject to negative selection. The low labeling efficiency of our model limited our ability 
to differentiate between non-PEPCK-expressing proximal tubule cells and other nephron segments. However, 
our transcriptomic analysis indicates that markers with segment specificity in vivo cannot be used reliably to 
infer cell lineage in culture since marker profiles for nearly all differentiated nephron segments (including those 
originating from contaminating non-proximal tubules) were downregulated.

Our studies provide important data about the dynamics of gene expression changes that explain the de-
differentiation of proximal tubule cells in culture. We highlight key molecular events that underpin the limitations 
of cultured cells to recapitulate the functions of the kidney ex vivo. This data will provide important context 
for experiments obtained from primary culture models and will facilitate the next generation of approaches 
to model kidney diseases in vitro and to bioengineer alternatives to dialysis for patients suffering from kidney 
disease.

Methods
Animals
All studies involving mice were approved by the Institutional Animal Care and Use Committee at the 
University of Michigan and performed in accordance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals and in accordance with ARRIVE guidelines. Wild type mice used in 
experiments were strain C57BL/6J purchased from Jackson Labs (stock number 000664). Two strains of 
proximal tubule tagged mice were used. Cre sensitive reporter strains expressing either plasma membrane 
(Gt[Rosa]26Sortm4[ACTB−tdTomato,−EGFP]luo, Jackson Labs, stock number 007676, mT/mG) or nuclear envelope 
(Gt(ROSA)26Sortm1(CAG−tdTomato*,−EGFP*)Ees, Jackson Labs, stock number 023537, nT/nG) fluorescence tags74were 
bred with mice containing a phosphoenolpyruvate carboxykinase (PEPCK) Cre driver, obtained from Volker H. 
Haase56. New strains were bred to homozygosity at all transgenic alleles.

Proximal tubule preparation
Unless specified, all reagents were purchased from Thermo-Fisher Scientific and were of cell culture grade or 
better. Procedures were adapted from those previously published24,25. Briefly, per experiment, 2–3 6-week-old 
female mice were euthanized by CO2 overdose. Kidneys were immediately explanted and placed in ice-cold 
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MEM (Gibco, 11095080) buffer equilibrated with 95% O2/5% CO2(pH 7.4) and supplemented with 5 mM lactate 
(Sigma, L1750-10G), 5 mM glycine (Fisher, BP381-500) and 1 mM alanine (Sigma, 05129) (MEM + LGA). 
Kidneys were then decapsulated and minced into 1  mm3  pieces by rapid chopping with a fresh razor blade 
on an ice-cold tile. Minced kidney was placed in ~ 1.4 mg/mL collagenase type 1 (Worthington, LS004196) in 
MEM + LGA supplemented with 2 mM heptanoic acid (Fisher, 164172500), 25 mM mannitol (Sigma, M9647), 
and 2.5 mg/mL albumin (Proliant Biologicals, 68300). The suspension was digested for 20 min in a 37 °C shaking 
water bath, tapering from 200 rpm to 100 rpm. The digestion reaction was stopped using ice cold MEM + LGA 
supplemented with 2 mg/mL gelatin (Sigma, G6650) and strained to remove undigested material. Clumps, which 
settle rapidly, were separated from the suspension of tubules during 2 rounds of pelleting and resuspension in 
ice cold MEM + LGA. The resulting tubules were then resuspended in ice-cold 37% Percoll (Cytiva, 17089101) 
solution with 5 mM glycine, 115 mM NaCl, 1.2 mM KH2PO4, 3.7 mM KCl, 1.2 mM MgSO4, 1.2 mM MgCl2, 1.25 
mM CaCl2, 25 mM NaHCO3, and 20 mg/mL albumin (pH ~ 7.4 equilibrated with O2/CO2). The resuspension 
was then centrifuged at 3.7 × 104 g at 4 °C for 20 min, yielding 4 distinct layers consisting of glomeruli and debris, 
distal tubules, proximal tubules, and red blood cells. Proximal tubules were selectively aspirated and underwent 
several rounds of pelleting and resuspension in O2/CO2 equilibrated MEM + LGA supplemented with 2 mg/
mL gelatin then culture medium to remove residual Percoll solution. Protein content was determined using the 
Bicinchoninic acid (BCA) assay (Thermo, 23227).

Quantification of purification efficiency
Both before and after Percoll gradient ultracentrifugation, samples of tubule suspensions were plated onto a 
poly-lysine coated slide, fixed, and then stained with 4’,6-diamidino-2-phenylindole (1  µg/ml, DAPI) and 
fluorescein-conjugated lotus tetragonolobus lectin (1:100, LTL, Vector Labs, FL-1321) in situ. Slide images were 
acquired on a standard fluorescence microscope. Images were divided into 350 × 260 μm regions containing 
tubules, randomly sampled, randomly ordered, blinded, and manually assessed for the fraction of tubule length 
in each image positive for LTL. Data from at least 125 regions was averaged and reported for each experiment 
and condition.

Cell culture
For primary cultures, the final proximal tubule preparation was seeded on tissue culture treated polystyrene 
plates at 0.1  mg total protein/cm2, unless otherwise stated. In some experiments, tubules were seeded on 
permeable culture inserts (Greiner Bio-one, 657640) at the same density. Culture medium was DMEM/F12 
(Corning, 10092CM) with supplements as listed in Table  1. Medium was changed daily for the first 3 days 
after seeding, then every other day or as needed for a total of 14 days. Primary cells were never sub-cultured. 
Some experiments included variations in medium composition as indicated in the text. In some experiments, 
a TNFα antagonist (R-7050, 10 µM, Sigma, 654257), a NF-κB activation inhibitor (10 nM, Sigma, 481407) or 
DMSO vehicle were added directly to wells with each medium change. Cells were imaged using phase contrast 
and fluorescence microscopy at prespecified locations. Final confluency was estimated manually by a blinded 
observer in 5% increments for 4–8 regions per experiment and averaged. The immortalized mouse proximal cell 
line BUMPT was obtained from Dr. Wilfred Lieberthal75. These cells were cultured in DMEM supplemented 
with 10% fetal bovine serum (Sigma, F4135), penicillin (100 units/mL), and streptomycin (100 µg/mL) and sub-
cultured near confluence every 3–5 days.

RNA isolation, purification, and analysis
Cells were rinsed with PBS. RNA was collected and purified using an RNeasy Mini Kit (Qiagen, 74104) 
including on-column DNase treatment. For RNA sequencing experiments, RNA was submitted to the Advanced 
Genomics Core at the University of Michigan for routine poly-A library preparation and subjected to 150 bp 
paired-end sequencing according to the manufacturer’s protocol (Illumina NovaSeq) targeting 30 million reads 
per sample. Reads were aligned to the mouse genome (GRCm38 mm10) with the addition of custom sequences 

Component Final concentration Supplier Product number

Glucose 315 mg/dL Corning 10092CM*

Bicarbonate 29 mM Corning 10092CM*

HEPES 15 mM Corning 10092CM*

Insulin-transferrin-selenium (ITS) 10 µg/mL, 5.5 µg/mL, 6.7 ng/mL Corning 25-800-CR

EGF 10 ng/mL R&D systems 236-EG-200

Hydrocortisone 36 ng/mL Sigma H6909-10ML

Ascorbate 50 µM Sigma A8960-5G

T3 10 pM Sigma T2752-100MG

Fetal bovine serum 0.5% v/v Gibco 10437-028

Non-essential AA 1x Gibco 15140-122

Penicillin 100 units/mL Gibco 11140-050

Streptomycin 100 µg/mL Gibco 11140-050

Table 1.  Medium components. *As a part of the DMEM/F12 base, not all F12/DMEM components are 
reported.
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for GFP transcripts. Differential expression was determined using DESeq2 (v1.38.2)76. Gene Set Enrichment 
Analysis (GSEA) was performed using the fgsea package in R36 on differentially expressed genes determined by 
DESeq2 with Padj < 0.05. In some cases, the normalized enrichment score was used as a measure of the degree 
of enrichment and plotted as a heatmap. Only analyses with significant enrichment (Padj < 0.05) were shown. 
Heatmaps of expression were generated using transcripts per million (TPM) and were Z-score normalized across 
samples on a per-gene basis. Differentially expressed genes were submitted to ChEA339 using the web interface. 
The output was downloaded and provided in Supplementary Data S3. All raw count and TPM data are available 
in Supplementary Datas S1 and Data S4.

Quantitative real-time RT-PCR was also performed on RNA samples obtained from experiments independent 
from those used for RNA-seq.  Reverse transcription was performed using the HighCapacity cDNA Reverse 
Transcription Kit (Thermo, 4368814) per manufacturer instructions using random primers. PCR was performed 
using a 7500 Real Time PCR System (Applied Biosystems, Thermo) with SYBR Green master mix (Bio-Rad, 
1725121), according to manufacturer instructions with primers listed in Supplementary Table S1. Data was 
normalized to β-actin then to fresh tubules (delta-delta Ct method).

Western blot
Cells were rinsed with PBS. Samples were then incubated with 20 µL/cm2 radioimmunoprecipitation assay 
(RIPA) buffer with protease inhibitors (Santa Cruz Biotechnology, sc-24948) and 5 mM sodium fluoride 
on ice for 20 min. Insoluble material was collected by centrifugation at 17,000×g for 10 min at 4 °C. Protein 
concentration in the supernatant was determined using the bicinchoninic acid (BCA) assay. Samples were then 
mixed with concentrated sodium dodecyl sulfate (SDS) loading buffer and heated at 95 °C for 5 min prior to 
use. 10 µg of protein was loaded in 4–15% SDS-polyacrylamide gel electrophoresis (PAGE) gradient gels (Bio-
Rad) followed by electrophoresis for 1 to 1.5 h. Protein was transferred to a polyvinylidene fluoride (PVDF) 
membrane (Millipore Sigma, IPFL00010). Membranes were blocked with dehydrated milk and incubated with 
primary antibodies against HNF4A (1:1000, Abcam, AB201460). After rinsing, the membrane was incubated 
with an HRP-labeled secondary antibody. Signal was detected using enhanced chemiluminescence (ECL) 
reagent (Thermo, 32209) and autoradiography film. Membranes were then stripped and re-probed for β-actin 
(1:10,000, Cell Signaling Technology, 4970) as a loading control.

Immunostaining
Cultured cells were fixed in situ with 4% formaldehyde in PBS for 10 min at room temperature, rinsed, and 
stored in PBS at 4 °C. Samples were permeabilized with 0.5% Triton-X 100 in PBS, blocked with 20 mg/mL 
bovine serum albumin, and incubated for 4 h at room temperature with anti-ZO-1 (1:800, Thermo, 33-9100) or 
anti-Na-K ATPase (1:200, Santa Cruz, sc-48345), rinsed, incubated with isotype-specific secondary antibodies, 
rinsed, and mounted under glass coverslips with ProLong Diamond antifade mounting medium (Thermo, 
P36971) for long-term storage. Samples were imaged using a standard fluorescence microscope. Focal areas with 
basolateral Na-K ATPase staining were imaged with a confocal microscope.

Some paraffin embedded kidney sections were also stained and imaged as described previously38,77. Briefly, 
explanted kidneys were fixed in 4% formaldehyde/PBS overnight, embedded in paraffin, and sectioned at ~ 5 μm 
thickness. Mounted sections were deparaffinized and rehydrated using a graded series of xylene-ethanol-water 
solutions. Slides were treated with either citrate- or tris-based antigen unmasking solution (Vector Laboratories, 
depending on primary antibodies used, H-3300 or H-3301) in a pressure cooker for 10 min. Samples were then 
permeabilized with 0.5% Triton-X 100 in PBS, blocked with 20 mg/mL bovine serum albumin, and incubated 
overnight with primary antibodies (anti-villin, 1:400, Santa Cruz, sc-58897; anti-OAT-1, 1:400, Proteintech, 
26574-1-AP, anti-GFP, 1:400, Santa Cruz, sc-9996, for nT/nG; anti-GFP, Thermo, A10262, for mT/mG) in 
0.1% Tween-20 in PBS (PBS-T). Sections were then extensively rinsed with PBS-T and incubated with species-
specific fluorophore-conjugated secondary antibodies in PBS-T for 2 h at room temperature, rinsed with PBS-T, 
then PBS, then water, and quickly dried. Hydrophobic pen (which interferes with automated slide scanning) 
was removed by immersing the slides in xylene for 60  s. Xylene was then quickly evaporated and the slides 
rehydrated in PBS. Slides were then treated with the TrueVIEW autofluorescence quenching kit (Vector Labs, 
SP-8500). Samples were counterstained with 1 µg/mL DAPI. Samples were mounted with Vectashield mounting 
medium (Vector Labs, SP-8500), allowed to cure overnight at room temperature, and stored at 4 °C protected 
from light until scanning.

Quantification of in vivo labeling fraction
Stained samples were analyzed as previously described38,77. Briefly, stained sections were scanned at a resolution 
of 0.5 μm per pixel using a Vectra Polaris whole slide scanner (Akoya). Proximal tubule segments were assigned 
based on histologic location. The border between S2 and S3 proximal tubule was defined using villin, which 
labels the entire proximal tubule, and OAT-1, which labels predominantly S2 proximal tubule. Tubules on the 
medullary side of this border were assumed to be predominantly S3, tubules on the cortical side of this border 
were assumed to be predominantly S1 and S2. U-Net78 deep learning models were trained to identify all DAPI-
stained nuclei, all villin + proximal tubules, and GFP-labeled nuclei. The U-Net model for GFP nuclei was trained 
to ignore bleed through of OAT-1 signal into the GFP channel, which was present in some samples. Each nucleus 
(51,725−128,079 nuclei analyzed per sample) was classified by villin status, GFP status, and segment (S1-S2 vs. 
S3). Data were reported for each segment as fraction of GFP + villin + per total villin + nuclei, representing the 
fraction of labeled proximal tubules in each segment.
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Proximal tubule fate tracing in culture
Tubules derived from proximal tubule reporter mice (mT/mG or nT/nG) were prepared and cultured as with 
wild type mice. Fluorescence images were obtained at pre-specified locations during culture (0–14 days) to 
follow the evolution of specific areas. For experiments using mT/mG mice, images were analyzed by thresholding 
images in ImageJ79. The area of red (tdTomato) and green (GFP) were measured and any overlapping areas were 
assigned as GFP. Mice contained two alleles of the GFP reporter and can occasionally express both tdTomato and 
GFP, but any GFP expression indicates Cre activity and proximal tubule origin. For experiments using nT/nG 
mice, images were analyzed using U-Net segmentation78 followed by the Analyze Particles function in ImageJ 
to identify nuclei. Costained nuclei were considered GFP + only. Until cells established colonies (~ 2 days), the 
individual nuclei of 3-dimensional tubules could not be distinguished consistently. Analysis of nT/nG animals 
was only performed for 2 days and later.

HNF4A overexpression
A retrovirus vector was generated using an HNF4A overexpression (HNF4A-OE) vector44 (Addgene plasmid 
#33006). BUMPT cells were transduced overnight, rinsed, and subcultured as single cell clones. Transduced 
clones were selected by GFP expression via an internal ribosome entry site (IRES) following the 3’ end of the 
HNF4A transcript. GFP negative control clones were also selected. 3 independent HNF4A-OE clones and 3 
controls were cultured to confluence and subjected to RNA-seq.

Statistics
Data are presented as mean ± standard deviation unless otherwise specified. Each data point represents an 
independent tubule isolation from 2 to 3 mice. Statistical analysis was performed using the test indicated in R 
(version 4.3.1, transcriptomic analyses) or GraphPad Prism (version 10.2.1, all other analyses). Parametric tests 
were used for continuous or near continuous normally distributed data. Non-parametric tests were used for 
other data types.

Data availability
The datasets used in the current study have been deposited in the Gene Expression Omnibus, accession 
GSE273058.
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