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Colonocyte keratin 7 is expressed 
de novo in inflammatory 
bowel diseases and associated 
with pathological changes 
and drug‑resistance
Lauri Polari  1,2*, Mervi Tenhami  3,4, Santeri Anttila 5, Terhi Helenius 1, Harry Kujari  6, 
Markku Kallajoki  5,6, Markku Voutilainen  3,4 & Diana M. Toivola  1,2*

The clinical course of IBD, characterized by relapses and remissions, is difficult to predict. Initial 
diagnosis can be challenging, and novel disease markers are needed. Keratin 7 (K7) is a cytoskeletal 
intermediate filament protein not expressed in the colonic epithelium but has been reported in 
IBD-associated colorectal tumors. Our aim was to analyze whether K7 is expressed in chronic colonic 
inflammatory diseases and evaluate its potential as a novel biomarker. K7 was analyzed in two patient 
cohorts using immunohistochemistry-stained colon samples and single-cell quantitative digital 
pathology methods. K7 was correlated to pathological changes and clinical patient characteristics. 
Our data shows that K7 is expressed de novo in the colonic epithelium of ulcerative colitis and 
Crohn’s disease IBD patients, but not in collagenous or lymphocytic colitis. K7 mRNA expression 
was significantly increased in colons of IBD patients compared to controls when assessed in publicly 
available datasets. While K7 increased in areas with inflammatory activity, it was not expressed in 
specific crypt compartments and did not correlate with neutrophils or stool calprotectin. K7 was 
increased in areas proximal to pathological alterations and was most pronounced in drug-resistant 
ulcerative colitis. In conclusion, colonic epithelial K7 is neo-expressed selectively in IBD patients and 
could be investigated for its potential as a disease biomarker.

Keratin 7 (K7) is a type II intermediate filament protein and part of the cellular cytoskeleton primarily in several 
glandular and ductal epithelia1. Apart from serving a structural functions in these cells, the molecular roles of K7 
and disease-expression patterns are not well known compared to other simple epithelial keratins2. K7-deficient 
mice have no major reported phenotype, except increased proliferation in the urothelium3. While K7 is expressed 
in the crypts of the mouse colon, K7 is not expressed in the normal human colonic epithelium in which K8, 
K18, K19, and K20 are major intermediate filaments1–4. Likewise, K7 is rarely found in sporadic colorectal 
adenocarcinomas5. However, an exception is ulcerative colitis (UC)-linked adenocarcinomas of which 45–70% 
of the cases were reported K7 positive6,7. This may indicate that K7 expression could be already induced during 
UC. A similar phenomenon was recently suggested in skin as keratinocyte K17 was upregulated in inflammation 
preceding tumorigenesis8.

UC, along with Crohn’s disease (CD), are major subtypes of inflammatory bowel diseases (IBD). UC affects 
the colorectal mucosa while CD is a transmural disease that may affect the whole gastrointestinal tract and some-
times other organs9. The clinical course of IBD is characterized by relapses and spontaneous or drug-induced 
remissions. Longstanding IBD is a risk factor for colorectal cancer (CRC), which is not always preceded by a 
low to high dysplasia sequence typical for sporadic CRC​10,11. Microscopic colitis is another chronic inflamma-
tory diseases with typical manifestations in the intestinal mucosa. On the contrary to IBD, microscopic colitis, 

OPEN

1Cell Biology, Biosciences, Faculty of Science and Engineering, Åbo Akademi University, BioCity, Tykistökatu 
6A, 20520  Turku, Finland. 2InFLAMES Research Flagship Center, Åbo Akademi University, BioCity, Tykistökatu 
6A, 20520  Turku, Finland. 3Department of Clinical Medicine, University of Turku, Turku, Finland. 4Division of 
Digestive Surgery, Turku University Hospital, Turku, Finland. 5Institute of Biomedicine, University of Turku, 
Turku, Finland. 6Laboratory Division, Turku University Hospital, Turku, Finland. *email: lauri.polari@abo.fi; 
diana.toivola@abo.fi

http://orcid.org/0000-0002-0052-6489
http://orcid.org/0000-0002-2977-5446
http://orcid.org/0000-0002-9494-8550
http://orcid.org/0000-0002-0686-6329
http://orcid.org/0000-0002-3304-1680
http://orcid.org/0000-0001-7165-9839
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-26603-2&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2022) 12:22213  | https://doi.org/10.1038/s41598-022-26603-2

www.nature.com/scientificreports/

does not promote CRC risk12. Microscopic colitis detection requires colonoscopy-obtained biopsies to identify 
the structural microscopic changes in the colonic epithelium. Microscopic colitis comprises two distinct dis-
eases, lymphocytic colitis (LC) and collagenous colitis (CC), with annual incidences of 5.76/100,000 for LC and 
5.48/100,000 for CC in Western countries13.

The diagnosis of chronic colon inflammatory conditions is based on symptoms, colonoscopy, pathological 
findings from biopsies and elevated levels of stool calprotectin. Nevertheless, due to heterogeneity especially in 
IBD, distinguishing between disease subtypes using current diagnostics methods is challenging, and findings do 
not fully indicate the prediction of the disease14,15. Calprotectin is produced by neutrophils and thus is an acute 
marker of inflammatory activity, and less related to pathological changes in the epithelium. Currently, there are 
no good molecular marker to indicate IBD-associated disruptions of epithelial integrity16, such as erosion, edema, 
crypt damages17. Among the homeostasis maintaining epithelial cell components, the intermediate filament 
keratins are major cytoskeletal proteins, and their expression and post-translational modifications are altered in 
colonic stress conditions18,19. As biomarkers, keratins are easy to detect due to their high cellular concentrations 
and recognizable cytoplasmic expression patterns, and their prognostic value is already recognized and utilized 
in cancer research and diagnostics20. In an attempt to characterize the factors modulating K7 and to evaluate its 
potential biomarker value for colon diagnostics, we investigate colonic K7 expression in IBD and microscopic 
colitis patient samples. To our knowledge, this is the first time when K7 expression changes are digitally quan-
tified and compared in four distinct inflammatory non-cancerous colon diseases, and correlations analyzed 
with clinical characteristics including patient sex, BMI, age, tissue pathology, immune cell subsets present and 
response to medication.

Results
K7 is expressed in the colonic epithelium in UC and CD but not in microscopic colitis.  The 
number of K7 expressing epithelial cells in colon was higher in IBD biobank cohort A, witnessed by increased K7 
median cellular intensity (Fig. 1A,B). When epithelial cells were stratified into negative, low, medium, and high 
K7-expressing cells (Fig. 1B), K7 high- and medium cells were relatively common in UC and CD samples but 
they were not present in controls (Fig. 1C). The classification system used (Fig. 1C) is illustrated by representa-
tive examples of individual cells (Fig. 1D). A comparison according to K7 negativity/positivity of cells showed 
that every CD and UC sample had more K7 positive cells (K7+) than any control sample (Figs. 1E, 2). LC sam-
ples had similar negligible K7 levels as controls, while some of the CC samples showed a few focal K7 expressing 

Figure 1.   K7 is expressed in UC and CD but not CC and LC. (A) Both the frequency of K7 positive cells, 
shown in histogram with median value pointed out with slashed lines and (B) cell populations from annotated 
areas, presented according to K7 intensity, show that both min, max and median K7 intensities are increased 
in CD and UC compared to controls. (C) Cells are further stratified according to the K7 intensity into four 
groups (vertical lines in B): K7 negative, low, medium, and high K7-expressing cells by digital analysis of K7 
stained patient samples, are shown. Medium- and high expressing K7-cells were increased in CD and UC while 
K7 negativity was decreased. (D) Representative examples of K7-stratified cells, where the inner marked area 
shows the nucleus and the outer the algorithm-predicted cytoplasm. (E) The difference in the percentage of K7 
positive (K7+) cells between diseases, where one dot represents one patient, is shown. Values in C and E refer 
to the percentage of epithelial cells in respective group. Boxes extend from 25 to 75th percent, line inside shows 
median values and whiskers min and max values. Samples presented here belong to cohort A. Scale bar = 5 μm. 
Statistical significance is based on Dunn’s multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001.
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areas, failing to reach statistical significance. Nevertheless, a limitation in our study is that the number of CC 
patients was lower compared to those of UC, CD and LC. Thus, our findings for CC need to be confirmed in a 
larger cohort. Taken together, K7 expression is increased in all studied cases of UC and CD in cohort A.

K7 upregulation in IBD is detectable at mRNA level.  To study the K7 mRNA expression, we analyzed 
the publicly available human gene atlas data21, which confirms that K7 mRNA is not significantly expressed in 
healthy colon, appendix or small intestine (Fig. 3A). To learn whether K7 expression in IBD is regulated at tran-
scription or post translationally, we quantified the K7 mRNA data from two previous studies, stored in acces-
sible bulk RNAseq data E-GEOD-14580 and E-GEOD-4183 in the ArrayExpress repository. One set include UC 
patients22 (Fig. 3B) and the other set include CD and UC patients23 (Fig. 3C). In both IBD datasets K7 mRNA 

Figure 2.   Typical K7 expression patterns in IBD and microscopic colitis. Images show for controls and the 
disease (ulcerative colitis, Crohn’s disease, collagenous colitis, lymphocytic colitis) representative K7 epithelial 
expressions (K7 IHC DAB brown color) and H&E staining from the same areas.

Figure 3.   K7 mRNA is expressed in inflamed colon but not in healthy colon. (A) According to the tissue-
specific mRNA expression in bulk RNAseq, dataset published by Su et al. 2004, K7 mRNA (probe 209016_s_at) 
is not found at detectable levels in samples of intestinal origin. (B, C) K7 mRNA is significantly upregulated 
in the colon of IBD patients. Data was downloaded from publicly available transcriptomes (B Arijs et al. 2009, 
E-GEOD-14580; C, Galamb et al. 2008, E-GEOD-4183) which include in total samples from both IBD patients 
(N = 40) and healthy controls (N = 14), where one dot represents a single individual. Boxes extend from 25 to 
75th percent, line inside shows median value and whiskers min and max values. Statistical significance was 
measured by (B, C) Mann–Whitney test. *P < 0.05; ***P < 0.001.
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expression was significantly increased in the colon of IBD patients (Fig. 3B,C). K7 is therefore increased both at 
protein and RNA level in IBD, indicating transcriptional level K7 regulation.

The colonic K7 increase in IBD patients is associated with epithelial changes including erosion 
and ulcers.  To identify the conditions in which K7 is upregulated, the epithelial areas in which K7 levels were 
annotated and quantified (here called eROI), as well as the surrounding close proximity areas (aROI) of these 
epithelial annotations, were scored for their histopathological characteristics. The highest focal K7 + cell concen-
tration was found in the samples with most severe epithelial changes and damage including crypt loss, atrophy, 
erosion and ulcers (all IBD samples in cohort A being pooled; Fig. 4A,B). In addition, samples with granulomas 
close to the epithelium had an increased number of K7 positive cells (Fig. 4B). In addition to epithelioid granu-
lomas, microgranuloma lesions, also present in UC, were included24. Epithelial areas with high local inflamma-
tory activity had more K7 positive cells than those with less activity (Fig. 4C). Other factors associated with the 
increased inflammation had no clear correlation with K7 (Fig. 4D–E). In spite of K7 levels being the highest in 
areas with severe disease manifestation and severe inflammatory activity, there was no correlation between K7 
and the neutrophil numbers in the epithelium (Fig. 4D), or in the lamina propria (Fig. 4E). Representative areas 

Figure 4.   Severe pathological changes in epithelium induce colonic K7. Pathological changes in IBD sample 
annotations (aROI) in which K7 was quantified (two per patient) show that (A) major changes in epithelium, 
including atrophy, deformity, and crypt loss (B) as well as ulcers, erosion and granulomas, are associated with 
high K7 + percentage. (C) Increased inflammatory activity excluding ulcers did not change the percentage of 
K7 expressing cells, neither did the number of neutrophils in (D) epithelial cell layer nor in the (E) lamina 
propria. IBD patient samples presented here belong to cohort A. (F) Representative H&E and K7 IHC images 
of pathological changes are shown for deformity and atrophy (scale bar 200 μm), ulcer (50 μm), neutrophils in 
epithelium (20 μm). Boxes extend from 25 to 75th percent, line inside shows median values, whiskers min and 
max values, and grey dots individual sample annotations. The significance between more than two groups was 
measured using Dunn’s multiple comparison test. Mann–Whitney test in pairwise comparison. Correlations of 
two variables were estimated using linear regression analysis. *P < 0.05. **P < 0.01.
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with increased K7 close to ulcers, crypt atrophy and deformity are shown (Fig. 4F). In concordance with that 
the presence of neutrophils does not correlate with K7, stool calprotectin had no correlation to the K7 positivity 
in the epithelium in UC or CD (Fig. 5A). In addition, patient age, BMI, time from disease onset and sex did not 
correlate with the percentage of K7 positive cells (Fig. 5B–E). 

Crypt length correlated positively with the number of K7 + cells in CD, but not in UC samples (Fig. 5F). 
Interestingly, the K7 + cell distribution in crypts did not have a clear location pattern, and while K7 + cells were 
often found in clusters next to each other (Fig. 2), sporadic cells with K7 positivity were also commonly found. 
Nevertheless, single K7 positive cells were also present in several microscopic colitis and control samples, but 
their total share of epithelial cells was below 1% (Fig. 1D). It is noteworthy that LC, CC and controls did not 
show any of the studied pathological changes in the epithelium, and crypt lengths were not increased. We were 
not able to associate the IBD-related K7 positivity to specific cell subtypes or regions in the colonic epithelium. 
For example, the obvious and abundant colonic goblet cells were found to be either K7 positive or K7 negative 
in the same patient and area (see e.g., Figs. 2, 6D and Supplementary Fig. 2). These observations and further 
cell type identification will require molecular level confirmation. Taken together, these findings suggest that K7 
levels increase with epithelial damage.

When the UC patients were stratified further according to the drug resistant or non-resistant forms of the 
disease, patients whose colectomy was carried out due to drug resistance had more K7 positive cells compared to 
those whose colectomy was due to other reasons including cancer, severe dysplasia, and severe infection (Fig. 5G). 
Thus, the high percentage of K7 + cells in the colon epithelium could be associated with drug-resistant colitis. 
Considering the effect of specific drug treatments, we did not find significant difference in colonic K7 expres-
sion between drug receivers and non-receivers except for an increased K7 in cohort A CD patients receiving 
azathioprine (Table 1, Supplementary Fig. 1).

K7 increase is pronounced in inflamed parts of colon.  To confirm whether the severity of IBD is piv-
otal for colonic K7 expression, we studied K7 levels in samples collected in a prospective study cohort (referred 
here as clinical cohort B) of patients with drug responsive IBD. Patients with UC had significantly higher per-
centage of K7 + epithelial cells compared to CD (Fig. 6A). When single biopsies were studied, a positive correla-
tion between local inflammatory activity and K7 + fraction was found (Fig. 6B). This correlation, nevertheless, 
showed reasonable variation as R squared is only 0.12 which may be the reason that a significant difference in 
K7 expression was only seen between inflamed and non-inflamed samples when samples were stratified accord-
ing to the inflammatory activity (Fig. 6B–D). Thus, no difference in K7 expression between low and severe local 
inflammation was found. (Fig. 6C–D). Several IBD patient samples lacking local inflammatory activity or other 

Figure 5.   Correlation of clinical characteristics with K7 expression levels in IBD. (A) Fecal calprotectin 
(Calpro) levels prior to surgery had no correlation with colonic K7 levels, neither had (B) patient age, (C) 
BMI, (D) the duration of disease from onset to harvest nor (E) sex. (F) Mean top to bottom colon crypt length 
correlated with K7 in CD but not in UC. (G) K7 upregulation was the most pronounced in drug resistant UC 
patients. Orange dots in figures represent UC and black dots CD patients, illustrating the average percentage of 
K7+ cells in annotated areas. Samples presented here were derived from IBD patients in cohort A. Correlations 
of two variables were assessed using linear regression analysis. Mann–Whitney test was used in pairwise 
comparison. *P < 0.05.
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Figure 6.   K7 is focally expressed in healthy epithelium of IBD patents, but the K7 positive cell percentage is 
yet lower than in inflamed areas. Samples were derived from UC (N = 7), and CD (N = 8) patients in cohort B, 
including total 75 biopsies. (A) The mean percentage of K7 positive cells was higher in UC than CD patients 
with drug responsive IBD. Each dot represents an average K7 + cell percentage among the biopsies collected 
from a single patient. (B) Increased local inflammatory activity correlated with the percentage of K7 + cell in 
colon biopsies. (C) The percentage of K7 + cells according to the inflammatory activity where biopsies were 
graded on a scale from 1 to 4 (1: no activity, 2: mild. 3: moderate, 4: severe) is shown. Circles represented 
individual biopsy sample in (B) and (C). (D) Representative K7 IHC staining (brown) in each inflammatory 
activity category is shown by arrows, and crypt abscess by asterisk. Correlation of two variables was assessed 
using linear regression analysis. Mann–Whitney test was used in pair way comparison. The significance between 
more than two groups was measured using Dunn’s multiple comparison test. **P < 0.01; ***P < 0.001.

Table 1.   Clinical characteristics and medication of patients. The numbers in the medical treatment columns 
indicate the number of patients receiving this medication within 1 month prior to tissue or biopsy harvest. 
*Only 4 values available. **Only 2 values available. ¶ Single users of allupurinol, ursodiol and anabolic 
steroids. ¶¶ Single users of leflunomide and hydroxychloroquine. § Only 5 values available. §§ Single user of 
mercaptopurine.

Group Number Sex F/M

Age at 
harvest 
(median)

Years from 
onset to 
harvest 
(median)

BMI 
(median)

# of drug 
receivers: 
mesalazine Corticosteroids

TNFα 
blockers Azathioprine Sulfasalazine Methotrexate Other

Cohort A

Control 12 6/6 34–80 (57) – 18.3–28.7 
(27.6)* 1 0 0 0 0 0

UC 15 6/9 15–85 (47) 0–29 (6) 19.1–29.8 
(24.9) 12 14 5 6 2 0 ¶

CD 11 6/5 17–78 (35) 0–22 (6) 17.2–38.1 
(22.6) 5 5 3 3 1 2

CC 8 6/2 40–85 (78) 0–9 (0) 23.4–23.5 
(23.5)** 2 3 0 0 1 0 ¶¶

LC 10 5/5 63–88 (78) 0–4 (0) 19.3–28.9 
(25.3) 0 0 0 0 0 0

Cohort B

UC 7 6/1 19–39 (28) 0–14 (1) 17.5–24.5 
(22.6)§ 5 7 0 4 0 0

CD 8 5/3 20–85 (34) 0–12 0) 19.5–32.1 
(21.9) 1 8 0 3 0 0 §§
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disease manifestation still had more K7 + cell than any of the healthy controls in cohort A (Figs. 1E, 6C) indicat-
ing that IBD may induce focal K7 expression in healthier parts of colon.

When cohort B (which did not include healthy control patients) results were compared to controls from 
cohort A, both UC and CD patients had significantly increased percentage of K7 positive epithelial cells (18.4% 
for UC and 2.2% for CD vs 0.27% for control, Figs. 1E and 6A). These values were generally lower than mean 
values measured in cohort A for colectomy patients (32.2% for UC and 9.2% for CD, Fig. 1E). Together these 
results indicate that the percentage of K7 + colonic cells is linked with the severity of IBD.

Discussion
In this study we show in two separate patient cohorts that significant K7 expression in the colonic crypt epithe-
lium is associated with the two main IBD diseases, UC and CD. The number of K7 + colonocytes is highest in 
close proximity to severe pathological changes in the colon and in drug-resistant UC, while there is no K7 expres-
sion in healthy controls or in microscopic colitis patient tissues. The lack of K7 expression in the normal colonic 
mucosa is supported by previous findings1,25 and thus, it has no known role in the healthy human colon. The K7 
mRNA levels also increase in the colon in IBD patients compared to healthy colon, confirming transcriptional 
activation of K7 in IBD. In addition to healthy tissue, the majority of sporadic CRC are K7 negative and K7 found 
in metastasis is often used as a rationale against colorectal origin26,27. Recent studies suggested that K7 might 
indicate poor prognosis in some sporadic colorectal carcinomas28, and similarly in cervical adenocarcinoma29. 
Interestingly, K7 was found to be expressed as high as 45–70% of colitis-induced CRC​6,7. This finding together 
with our results, suggests an epithelial switch inducing K7 expression in IBD, which then remains active in 
inflammation-induced colorectal carcinogenesis.

Although there was a slight correlation between total inflammatory activity and local K7 + cell percentage, it 
is unlikely that T cells or neutrophils would directly induce K7 as the number of neutrophils in the epithelium 
and lamina propria, and as stool calprotectin levels did not correlate with K7 + cells in UC and CD. Supporting 
this conclusion is that in LC, characterized by excess of lymphocytes within the epithelium, K7 was not increased 
over levels in healthy controls. CRC tissues are also accompanied by various immune cells30 and still K7 is not 
frequently detected in CRC tumors except in colitis-related cancers31. Therefore, it is also unlikely that an upregu-
lated proliferative signaling would induce K7, supported by the lack of correlation between crypt elongation 
and K7 in UC samples, even if a mild correlation was seen in CD. Age, sex and BMI of patients did not affect the 
expression of colon K7, suggesting that sex steroids and white adipose tissue hormones are not among the most 
prominent inducers. Interestingly, we found that many IBD samples with particularly high K7 expression have 
histiocyte formed granulomas close to epithelium. Not much is known about the role of histiocytes affecting 
simple epithelial cell in keratin synthesis, and this result warrants further studies.

Keratins and other intermediate filaments are cytoprotective proteins and reportedly upregulated in vari-
ous stress and regenerative conditions, which may explain the here described K7 neo-expression in the colonic 
epithelium of IBD patients8,32. Simple epithelial keratins including K7 have been shown to be upregulated or 
neo-expressed in patients and in mouse disease models, for example in kidney epithelial cells during renal 
injury33, in β-cells after diabetes induction34, and in hepatocytes of patients with cholestatic diseases35. Similarly, 
in mouse models of colonic stress and inflammation, simple epithelial keratins were upregulated, including 
K7 which was increased in a model of chronic colitis and in aging mice19. In cancers, simple epithelial keratin 
overexpression in general is associated with poor prognosis36,37. As IBD is a risk factor for CRC, the possible 
link between the colonic K7 expression in IBD and colitis induced carcinogenesis will require further analysis. 
In the embryonic tissue K7 is ubiquitously expressed38, but its expression is lost postnatally in several tissues, 
for example in differentiated human acinar cells of the pancreas39. It was suggested that K7 in the gut could be 
a cellular dedifferentiation marker40, supported by findings that it is expressed in fetal stomach41, but the exact 
biological role of K7 in the gut is not characterized, neither is its distribution between colonocyte subpopula-
tions. In addition, the regulatory mechanism of epithelial keratins, including the induction of K7, is not known 
in detail to our knowledge.

IBD biomarkers are an intensively studied topic, but there is yet no reliable analysis to predict disease 
outcome42. Therefore, it was intriguing that high K7 levels were found in UC patients with poor response for 
drug treatments. Neutrophil produced stool calprotectin is currently a widely used biomarker for IBD43. However, 
K7 is produced in epithelial cells and thus may reflect the epithelial changes better than short term neutrophil 
activity. Here we show that in microscopic colitis in which elevated calprotectin concentrations are often found44 
does not promote colonic K7. In the future, it will be important to study intestinal K7 expression in other inflam-
matory and infectious diseases to confirm its IBD specificity. While the correlation between fecal calprotectin 
and epithelial K7 was not found in the present study, their combinatory diagnostic power needs to be studied 
further in a larger cohort, especially regarding the drug responses and disease-prediction capacity. The utiliza-
tion of more than one biomarker for IBD is commonly considered a benefit for diagnosis45 and K7 is a potential 
IBD biomarker that also distinguishes IBD from microscopic colitis. Many pathology laboratories are already 
well-prepared to carry out K7 immunohistochemistry46. In addition, previous studies have shown that fecal 
assays might be a feasible method to monitor keratin expression in the colonic epithelium although data from 
K7 is still lacking47,48. Therefore, a study to simultaneously measure fecal K7 and calprotectin would be of high 
interest to evaluate the utility of K7 as a colon inflammatory disease biomarker.

In conclusion, the results presented here indicate K7 as a novel and specific marker of IBD in the colon, and 
show that the increase of K7 was the most pronounced in the proximity of epithelial damage and in patients 
with poor drug-response. K7 is a promising potential IBD diagnostic marker candidate as it is not expressed in 
a healthy intestinal tissue and its upregulation is measurable both on protein and mRNA level.
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Materials and methods
Patient material.  Cohort A FFPE colon samples were obtained from the Auria Biobank (Turku, Finland). 
UC and CD samples were harvested during colectomy or ileal resection from areas between sigmoid and ascend-
ing colon. CC, LC and control biopsies were harvested during ileocolonoscopy. The exclusion criteria for control 
tissues were inflammatory and neoplastic intestinal diseases. Transport, handling, and storage of the paraffin-
embedded tissue samples were carried out according to the biobank standard procedures. The medical history 
of each patient, relevant to IBD, was filed and information was stored in encoded format and kept anonymous. 
The research project was authorized by the Auria Biobank’s Scientific Steering Committee (AB17-6901) and 
Hospital District of Southwestern Finland (decision T05/032/19). Study was carried out in accordance with ethi-
cal guidelines of Åbo Akademi University and Turku University Hospital. Bulk RNAseq data (GEOD-14580 and 
E-GEOD-4183) was accessed using the biogps.org gene annotation portal49.

Patient cohort B samples consisting of mucosal biopsies taken during ileocolonoscopy were acquired from 
a prospective study (Clinicaltrials.gov identifier NCT02364973) including patients in Southwestern Finland 
with diagnosed or suspected IBD. The protocol was approved by the ethics committee of the Hospital District 
of Southwest Finland (decision 66/1801/2014; §264), and the research grant of Turku University Hospital was 
received by the director of the Division of Medicine (decision TO5/039/14; 13604). Patient recruitment, exclusion 
criteria, diagnostic methods and sample collection have been presented elsewhere50. All patients were informed 
about the nature of the study, and they signed an informed consent before participating in the study. Clinical 
characteristics of cohort A and B are described in Table 1.

Immunohistochemistry.  The tissue samples were fixed in 4% phosphate-buffered formaldehyde and 
embedded in paraffin according to standard procedures. K7 immunohistochemistry (IHC) staining was carried 
out from 5 µm rehydrated sections with an antibody to K7 (clone SP52, Roche Diagnostics, Rotkreuz, Switzer-
land). The protein visualization was carried out using anti-mouse secondary antibody and 3,3′-Diaminobenzi-
dine (DAB) as a chromogen and hematoxylin counter-stain. Calprotectin immunoassays were carried out from 
stool samples in Turku University Hospital, Laboratory Division, Clinical Chemistry.

Digital image analysis.  The slides were scanned to digital images (Pannoramic 1000, 3D HISTECH, Buda-
pest, Hungary) and the mean intensity of cellular K7, followed by quantification of K7 positive cells were meas-
ured using the QuPath 0.2.3 bioimage analysis application51. The epithelial cell layer region of interest (eROI, at 
least two distinct areas per samples) was selected manually. eROIs including full crypts were prioritized when 
available (Supplementary Fig. 2). Each eROI area contained at least 1000 cells per single biopsy and over 2000 
cells in total per patient were annotated and identified by QuPath cell detection tool. K7 expression analysis was 
based on the mean intensity of cellular DAB staining. In addition, every cell in eROI areas was ranked according 
to the K7 intensity and given a value from 0 to 3, where 0: no K7 present, 1: low K7, 2: medium and 3: high K7 
present, using the QuPath positive cell detection (DAB cell mean OD) tool. The lowest K7 threshold was based 
on barely visible cytoplasmic DAB staining (Fig. 1D). The cells ranked from low to high K7 are referred here as 
K7 positive (K7+). The mean top to bottom crypt length was measured as an average of at least four crypts per 
sample.

The K7+ percentage was quantified from each eROI and the surrounding close proximity area (aROI, Sup-
plementary Fig. 2) was used to characterize pathological changes. For grading the severity of IBD, histological 
analysis were proceeded according to The European Crohn’s and Colitis Organization guidelines52, also approved 
by the ethics committee of the Hospital District of Southwest Finland (decision 66/1801/2014; §264). The his-
topathological analysis was carried out in from parallel H&E-stained samples of each aROI by an analyzer not 
aware of the K7 expression in that area. Inflammatory activity score summarized both the total amount of granu-
locytes and their activity which were graded into four classes: no increase, mild, moderate (cryptitis) and severe 
(crypt abscesses, Fig. 6D). Neutrophil infiltration in the epithelium was graded into four classes: none, topical 
neutrophils, cryptitis and crypt abscesses. Neutrophil presence in lamina propria was graded into three classes: 
none, modest and severe infiltration. The presence of ulcers, erosion, or granulomas (including microscopic 
granulomas) was assessed in a similar manner in the aROI (Supplementary Fig. 2). Epithelial changes including 
crypt deformation, atrophy and crypt loss were graded to three classes: low, modest, and severe.

Statistical analysis.  The difference between more than two groups was measured using Kruskal–Wallis 
test, followed by Dunn’s test. The difference between two factors was evaluated using Mann–Whitney test. The 
correlation of two factors was studied using linear regression analysis. All statistical analyses were performed 
using GraphPad Prism (GraphPad Software Inc., San Diego CA, USA).

 Data availability
The datasets generated during the current study are available in the etsin.fairdata.fi repository (https://​doi.​org/​
10.​23729/​edd4a​bd6-​9d04-​491c-​b11a-​46aff​225ce​45). A few clinical, patient sensitive parameters on research 
data are not made publicly available due to privacy of patients but are available from authors by permission of 
Auria Biobank and Hospital District of Southwest Finland on reasonable request. RNA datasets analyzed here 
are available at biogps.org (E-GEOD-14580 and E-GEOD-4183 in the ArrayExpress repository).

Received: 21 September 2022; Accepted: 16 December 2022

https://doi.org/10.23729/edd4abd6-9d04-491c-b11a-46aff225ce45
https://doi.org/10.23729/edd4abd6-9d04-491c-b11a-46aff225ce45


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:22213  | https://doi.org/10.1038/s41598-022-26603-2

www.nature.com/scientificreports/

References
	 1.	 Moll, R., Franke, W. W., Schiller, D. L., Geiger, B. & Krepler, R. The catalog of human cytokeratins: Patterns of expression in normal 

epithelia, tumors and cultured cells. Cell 31, 11–24 (1982).
	 2.	 Bouameur, J. E. & Magin, T. M. Lessons from animal models of cytoplasmic intermediate filament proteins. Sub-Cell. Biochem. 

82, 171–230 (2017).
	 3.	 Sandilands, A. et al. Generation and characterisation of keratin 7 (K7) knockout mice. PLoS ONE 8, 1–11 (2013).
	 4.	 Moll, R., Lowe, A., Laufer, J. & Franke, W. W. Cytokeratin 20 in human carcinomas: A new histodiagnostic marker detected by 

monoclonal antibodies. Am. J. Pathol. 140, 427–447 (1992).
	 5.	 Stenvall, C.-G. et al. Targeted deletion of keratin 8 in intestinal epithelial cells disrupts tissue integrity and predisposes to tumo-

rigenesis in the colon. Cell. Mol. Life Sci. 79, 1–17 (2022).
	 6.	 Stenling, R., Lindberg, J., Rutegård, J. & Palmqvist, R. Altered expression of CK7 and CK20 in preneoplastic and neoplastic lesions 

in ulcerative colitis. APMIS 115, 1219–1226 (2007).
	 7.	 Tatsumi, N. et al. Cytokeratin 7/20 and mucin core protein expression in ulcerative colitis-associated colorectal neoplasms. Virchows 

Arch. 448, 756–762 (2006).
	 8.	 Nair, R. R. et al. A role for keratin 17 during DNA damage response and tumor initiation. Proc. Natl. Acad. Sci. USA 118, 1–10 

(2021).
	 9.	 Le Berre, C., Ananthakrishnan, A. N., Danese, S., Singh, S. & Peyrin-Biroulet, L. Ulcerative colitis and crohn’s disease have similar 

burden and goals for treatment. Clin. Gastroenterol. Hepatol. 18, 14–23 (2020).
	10.	 Olén, O. et al. Colorectal cancer in ulcerative colitis: A Scandinavian population-based cohort study. Lancet 395, 123–131 (2020).
	11.	 Herrinton, L. J. et al. Incidence and mortality of colorectal adenocarcinoma in persons with inflammatory bowel disease from 

1998 to 2010. Gastroenterology 143, 382–389 (2012).
	12.	 Loreau, J. et al. Long-term natural history of microscopic colitis: A population-based cohort. Clin. Transl. Gastroenterol. 10, e00071 

(2019).
	13.	 Tong, J. et al. Incidence, prevalence, and temporal trends of microscopic colitis: A systematic review and meta-analysis. Am. J. 

Gastroenterol. 110, 265–276 (2015).
	14.	 State, M. et al. Surrogate markers of mucosal healing in inflammatory bowel disease: A systematic review. World J. Gastroenterol. 

27, 1828–1840 (2021).
	15.	 Freeman, K., Willis, B. H., Fraser, H., Taylor-Phillips, S. & Clarke, A. Faecal calprotectin to detect inflammatory bowel disease: A 

systematic review and exploratory meta-analysis of test accuracy. BMJ Open 9, 1–11 (2019).
	16.	 De Souza, H. S. P. & Fiocchi, C. Immunopathogenesis of IBD: Current state of the art. Nat. Rev. Gastroenterol. Hepatol. 13, 13–27 

(2016).
	17.	 Garrett, W. S., Gordon, J. I. & Glimcher, L. H. Homeostasis and inflammation in the intestine. Cell 140, 859–870 (2010).
	18.	 Corfe, B. M. et al. Inflammation decreases keratin level in ulcerative colitis; inadequate restoration associates with increased risk 

of colitis: Associated cancer. BMJ Open Gastroenterol. 2, 1–12 (2015).
	19.	 Helenius, T. O., Antman, C. A., Asghar, M. N., Nyström, J. H. & Toivola, D. M. Keratins are altered in intestinal disease-related 

stress responses. Cells 5, 1–19 (2016).
	20.	 Zhong, B. et al. Organ-specific stress induces mouse pancreatic keratin overexpression in association with NF-κB activation. J. 

Cell Sci. 117, 1709–1718 (2004).
	21.	 Su, A. I. et al. A gene atlas of the mouse and human protein-encoding transcriptomes. Proc. Natl. Acad. Sci. USA 101, 6062–6067 

(2004).
	22.	 Arijs, I. et al. Mucosal gene signatures to predict response to infliximab in patients with ulcerative colitis. Gut 58, 1612–1619 (2009).
	23.	 Galamb, O. et al. Inflammation, adenoma and cancer: Objective classification of colon biopsy specimens with gene expression 

signature. Dis. Mark. 25, 1–16 (2008).
	24.	 Mahadeva, U., Martin, J. P., Patel, N. K. & Price, A. B. Granulomatous ulcerative colitis: A re-appraisal of the mucosal granuloma 

in the distinction of Crohn’s disease from ulcerative colitis. Histopathology 41, 50–55 (2002).
	25.	 Harbaum, L. et al. Keratin 7 expression in colorectal cancer: Freak of nature or significant finding? Histopathology 59, 225–234 

(2011).
	26.	 Van Niekerk, C. C., Jap, P. H. K., Ramaekers, F. C. S., Van De Molengraft, F. & Poels, L. G. Immunohistochemical demonstration 

of keratin 7 in routinely fixed paraffin-embedded human tissues. J. Pathol. 165, 145–152 (1991).
	27.	 Varadhachary, G. R., Raber, M. N., Matamoros, A. & Abbruzzese, J. L. Carcinoma of unknown primary with a colon-cancer profile-

changing paradigm and emerging definitions. Lancet Oncol. 9, 596–599 (2008).
	28.	 Hrudka, J., Fišerová, H., Jelínková, K., Matěj, R. & Waldauf, P. Cytokeratin 7 expression as a predictor of an unfavorable prognosis 

in colorectal carcinoma. Sci. Rep. 11, 1–10 (2021).
	29.	 Wu, Y., Lv, M., Qian, T. & Shen, Y. Correlation analysis of ki67 and ck7 expression with clinical characteristics and prognosis of 

postoperative cervical adenocarcinoma patients. Ann. Palliat. Med. 10, 9544–9552 (2021).
	30.	 Ge, P. et al. Profiles of immune cell infiltration and immune-related genes in the tumor microenvironment of colorectal cancer. 

Biomed. Pharmacother. 118, 109228 (2019).
	31.	 Polari, L. et al. Keratin intermediate filaments in the colon: Guardians of epithelial homeostasis. Int. J. Biochem. Cell Biol. 129, 

105878 (2020).
	32.	 Toivola, D. M., Strnad, P., Habtezion, A. & Omary, M. B. Intermediate filaments take the heat as stress proteins. Trends Cell Biol. 

20, 79–91 (2010).
	33.	 Djudjaj, S. et al. Keratins are novel markers of renal epithelial cell injury. Kidney Int. 89, 792–808 (2016).
	34.	 Alam, C. M., Baghestani, S., Pajari, A., Omary, M. B. & Toivola, D. M. Keratin 7 is a constituent of the keratin network in mouse 

pancreatic islets and is upregulated in experimental diabetes. Int. J. Mol. Sci. 22, 7784 (2021).
	35.	 Sakellariou, S. et al. Keratin 7 expression in hepatic cholestatic diseases. Virchows Arch. 479, 815–824 (2021).
	36.	 Kabir, N. N., Rönnstrand, L. & Kazi, J. U. Keratin 19 expression correlates with poor prognosis in breast cancer. Mol. Biol. Rep. 41, 

7729–7735 (2014).
	37.	 Zhang, J., Hu, S. & Li, Y. KRT18 is correlated with the malignant status and acts as an oncogene in colorectal cancer. Biosci. Rep. 

39, 1–9 (2019).
	38.	 Lu, H., Hesse, M., Peters, B. & Magin, T. M. Type II keratins precede type I keratins during early embryonic development. Eur. J. 

Cell Biol. 84, 709–718 (2005).
	39.	 Bouwens, L. Cytokeratins and cell differentiation in the pancreas. J. Pathol. 184, 234–239 (1998).
	40.	 Kirchner, T. et al. Metaplasia, intraepithelial neoplasia and early cancer of the stomach are related to dedifferentiated epithelial 

cells defined by cytokeratin-7 expression in gastritis. Virchows Arch. 439, 512–522 (2001).
	41.	 Stosiek, P., Bräutigam, E. & Kasper, M. Expression of cytokeratin 7 in human glandular epithelium of fetal stomach. Acta Histochem. 

91, 21–23 (1991).
	42.	 Zilbauer, M. & Heuschkel, R. Disease prognostic biomarkers in inflammatory bowel diseases: A reality check. J. Crohn’s Colitis 16, 

162–165. (2021).
	43.	 Fagerhol, M. K., Dale, I. & Anderson, T. Release and quantitation of a leucocyte derived protein (L1). Scand. J. Haematol. 24, 

393–398 (1980).



10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:22213  | https://doi.org/10.1038/s41598-022-26603-2

www.nature.com/scientificreports/

	44.	 Batista, L. et al. Usefulness of fecal calprotectin as a biomarker of microscopic colitis in a cohort of patients with chronic watery 
diarrhoea of functional characteristics. Dig. Liver Dis. 51, 1646–1651 (2019).

	45.	 Dragoni, G., Innocenti, T. & Galli, A. Biomarkers of inflammation in inflammatory bowel disease: How long before abandoning 
single-marker approaches? Dig. Dis. 39, 190–203 (2021).

	46.	 Moll, R., Divo, M. & Langbein, L. The human keratins: Biology and pathology. Histochem. Cell Biol. 129, 705–733 (2008).
	47.	 Chang, C. C. et al. Clinical meaning of age-related expression of fecal cytokeratin 19 in colorectal malignancy. BMC Cancer 9, 376 

(2009).
	48.	 Yang, R. N. et al. Upregulation of fecal cytokeratin 19 is associated with prognosis in older colorectal cancer patients. Genet. Test. 

Mol. Biomarkers 14, 703–708 (2010).
	49.	 Wu, C. et al. BioGPS: An extensible and customizable portal for querying and organizing gene annotation resources. Genome Biol. 

10, 130 (2009).
	50.	 Tenhami, M. et al. The value of combined positron emission tomography/magnetic resonance imaging to diagnose inflammatory 

bowel disease: A prospective study. Acta Radiol. (2020).
	51.	 Bankhead, P. et al. QuPath: Open source software for digital pathology image analysis. Sci. Rep. 7, 1–7 (2017).
	52.	 Magro, F. et al. European consensus on the histopathology of inflammatory bowel disease. J. Crohn’s Colitis 7, 827–851 (2013).

Acknowledgements
Auria Biobank (Turku, Finland) is acknowledged for their help in gathering the information of available, relevant 
samples and carrying out tissue sectioning and H&E staining. We thank University of Turku hospital pathology 
personnel for carrying out K7 IHC staining.

Author contributions
L.P., M.K., M.T., and D.T. designed this study; D.T. and M.V. acquired the funding; L.P., M.T., S.A., T.H., H.K., 
and M.K. performed the experiments and investigated the samples; L.P. (cohort A and B) and M.T. (cohort B) did 
the data handling, analysis and interpreted the data; L.P. performed statistical analysis, had full access to all data 
in the study, and illustrated the figures; L.P. and M.T. drafted the manuscript; all authors revised the manuscript.

Funding
This research was supported by the Academy of Finland (315139/332582) including InFLAMES Flagship Pro-
gramme (337531), Sigrid Juselius Foundation, ÅAU Center of Excellence of Cellular Mechanostasis, EuroCellNet 
COST Action (CA15214), Medicinska Understödsföreningen Liv och Hälsa Foundation, Finland State Research 
Funding (EVO rahoitus), Turku University Hospital Medical Funds, and Branders Research Fund, Åbo Akademi 
Research Foundation.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​26603-2.

Correspondence and requests for materials should be addressed to L.P. or D.M.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-26603-2
https://doi.org/10.1038/s41598-022-26603-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Colonocyte keratin 7 is expressed de novo in inflammatory bowel diseases and associated with pathological changes and drug-resistance
	Results
	K7 is expressed in the colonic epithelium in UC and CD but not in microscopic colitis. 
	K7 upregulation in IBD is detectable at mRNA level. 
	The colonic K7 increase in IBD patients is associated with epithelial changes including erosion and ulcers. 
	K7 increase is pronounced in inflamed parts of colon. 

	Discussion
	Materials and methods
	Patient material. 
	Immunohistochemistry. 
	Digital image analysis. 
	Statistical analysis. 

	References
	Acknowledgements


