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Abstract:
Background: Recent genomic analysis has unveiled recurrent heterogeneous nuclear 

ribonucleoprotein K (HNRNPK) gene deletions in cutaneous T-cell lymphoma (CTCL). 

HNRNPK acts as a tumor suppressor by inhibiting the JAK-STAT pathway. Objective: This 

study investigates the pivotal role of Hnrnpk deletion in initiating CTCL pathogenesis 

using a transgenic mouse model. Methods and Results: Hnrnpk was knocked out 

in skin-infiltrating CD4+ T cells in transgenic mice (oxazolone, OXA, contact allergic 

reaction followed by topical tamoxifen to activate k.o.) which were then subjected to 

repeated applications of OXA (3-2/wk for 20 wks).   After discontinuing OXA, autonomous 

inflammation persisted. Remarkably, Hnrnpk haploinsufficiency alone was sufficient to 

elicit these phenotypic changes. Comprehensive flow cytometry analyses of blood samples 

in the course of the experiment showed no evident effect but post mortem analyses of 

skin samples corroborated and characterized the persistent inflammation. Histological 

examinations revealed increased epidermal thickness and inflammatory cell infiltration, 

particularly CD3+ CD4+ T-cells, in Hnrnpk knockout mice exposed to long-term OXA 

treatment. Immunohistochemistry demonstrated heightened cell proliferation (Ki-67 

expression) and augmented JAK-STAT signaling (p-STAT3) in these mice – all reminiscent of 

early CTCL. Conclusion: Our results underscore the significance of Hnrnpk deletion in CD4+ 

T-cells leading to autonomous skin inflammation, emulating early stages of CTCL, thereby 

confirming HNRNPK’s tumor-suppressive role. This in vivo model gives experimental access 

to the intricate processes involving HNRNPK in T-cell modulation, affecting epidermal 

homeostasis, and in CTCL pathogenesis, opening new avenues for potential therapeutic 

interventions.

Key words:  Cutaneous T-cell lymphomas; JAK-STAT Pathway; CD4+ T cells; HNRNPK; 

Transgenic mouse
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1 Introduction

Recent genomic analysis of cutaneous T-cell lymphoma (CTCL) has revealed recurrent 

deletion of the heterogeneous nuclear ribonucleoprotein K (HNRNPK) gene in two of the 

most common subtypes of CTCL, mycosis fungoides (MF) and Sézary syndrome (SS). (1-

3) HNRNPK is a tumor suppressor gene that inhibits the JAK-STAT signaling pathway, and 

its deletion can lead to dysfunction of HNRNPK, which affects RNA processing and gene 

expression regulation. (4-6) 

The potential impact of haploinsufficiency in this tumor suppressor gene is one of the 

notable characteristics of HNRNPK. HNRNPK haploinsufficiency resulted in reduced 

survival, increased tumor formation, genomic instability, and the development of 

transplantable hematopoietic neoplasms with myeloproliferation. (7) Haploinsufficiency 

of tumor suppressor genes (TSGs) can contribute to tumor development and progression 

by reducing levels of proteins, accelerating tumor development, promoting cancer 

progression, and collaborating with other haploinsufficient TSGs. (8-10)

The deletion of HNRNPK and other tumor suppressor genes (such as SOCS1, STK11, and 

CDKN2A/B) involved in commonly deregulated pathways in MF has been identified through 

next-generation sequencing (NGS) analysis. (1) A new mouse model with conditional 

HNRNPK knockout has been successfully established, which solves the lethality issue of 

direct HNRNPK knockout and confirms that this new mouse strain maintains relatively 

undisturbed immune homeostasis in the peripheral blood under chronic antigen exposure. 

This study utilized a novel strain of homozygous and heterozygous mice to elucidate the 

role of Hnrnpk as an initiating factor when deleted in skin-homing CD4+ T cells, combined 

with repeated exposure to OXA simulation skin inflammation. Even after discontinuing 20 

weeks of OXA applications, lymphocytic infiltration persisted, resulting in an authonomous 

inflammation with increased cell proliferation and sustained JAK-STAT pathway activation; 

features consistent with precursor stages of CTCL. A comparison between Hnrnpk double-

copy deletion and Hnrnpk single-copy deletion mice revealed that the loss of a single allele 

of the Hnrnpk gene was already sufficient to cause this phenotypical change. 

In sum, we investigated the role of Hnrnpk deletion as an initiating factor in the 

pathogenesis of CTCL in skin-homing CD4+ T cells, confirming the tumor-suppressive 

function of Hnrnpk and the impact of haploinsufficiency.

2.Result

2.1.Contact-allergic reaction in inducible Hnrnpk knock-out mice from long-term and 
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short-term oxazolone treatment groups

To determine the effect of oxazolone (OXA) treatment in inducing and maintaining inflamed 

skin in inducible Hnrnpk knock-out mice, a 1.5% concentration of OXA was administered 

topically on the shaved abdominal skin to sensitize Hnrnpk fl/fl Cd4CreERT2+/- (FL/FL), 

Hnrnpk fl/wt Cd4CreERT2+/- (FL/WT), and Hnrnpk wt/wt Cd4CreERT2+/- (WT/WT) mice. 

Subsequently, a 0.5% concentration of OXA was applied 3 times a week (initially, and then 

twice after 10 weeks) on the shaved left flank from week 2 to week 20 (Figure 1A). This 

regimen established the experimental group as the long-term OXA group. An additional 

group of mice was included as a control group for the initial short-term OXA exposure. This 

group did not receive any application of 0.5% OXA on their skin from week 2 to week 20, as 

depicted in Figure 1B. 

In both experimental groups, none of the mice displayed any signs of wounding from 

scratching in response to a possible pruritus (Supplementary Figures 1 and 2). Visible 

signs of inflammation, such as redness, flaking, and a rough texture, were observed on 

the treated flanks of all mice one day after the first application of 0.5% OXA on the skin. In 

contrast, the untreated skins of all mice in both long-term and short-term OXA treatment 

groups did not show any indication of inflammation. 

Figure 1. Schematic time-course representation of the experimental groups and different treatment 
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periods with oxazolone. (A). Long-term treatment period: the left flanks of Hnrnpk fl/fl Cd4CreERT2+/-, 

Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice were treated with OXA 3 times per 

week from week 2 to 10 and 2 times per week from week 11 to 20. From week 21 to 40, no OXA was 

administrated on the skin of the mice.  B) Short-term treatment period: Hnrnpk fl/fl Cd4CreERT2+/-, 

Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice without OXA treatment from 

week 2 to 40. In both treatment groups the mice were treated on day 1 and 8 with OXA and 4OHT 

was applied on day 9. Mice were sacrificed on day 280. n is 6 per genotype. Abbreviations: D is day, 

W is week, OXA is oxazolone, 4OHT is 4-hydroxy-tamoxifen. Blood collection was performed 24 hours 

after OXA application. Skin samples were collected at the end of the experiment.

2.2.Long-term oxazolone application caused local skin inflammation rather than systemic 
effect

Flow cytometry analysis showed successful cell extraction post mortem from mouse skin, 

and the proportion of CD4+ and CD8+ cells among CD3+ cells was determined. (Figure 2A) 

The long-term OXA group exhibited a statistically significant increase in the proportion of 

CD4+ cells among CD3+ cells in the treated flanks of Hnrnpk knockout mice (FL/FL and FL/

WT), as compared to the treated flanks of WT/WT mice. No statistically significant disparity 

is observed in the proportion of CD4+ cells among CD3+ cells in the treated flanks when 

comparing FL/FL and FL/WT conditions. (Figure 2B) In addition, there was a notable rise in 

the proportion of CD4+ cells to CD3+ cells in the treated flanks of Hnrnpk knockout mice (FL/

FL and FL/WT) compared to the untreated flanks. Similar results were seen for the fraction 

of CD8+ cells among CD3+ cells. (Figure 2C) In the short-term OXA treatment group, no 

statistically significant differences were observed between the treated and untreated 

flanks when comparing across all groups. 

Flow cytometry analysis was performed on the peripheral blood samples collected weekly 

from the mice in both experimental groups. The ratio of circulating CD3+ and CD19+ cells 

and CD4+ and CD8+ cells was measured to assess the overall status of the mice’s immune 

system. In both the long-term and short-term groups, the peripheral blood of all mice did 

not show any disturbance in the ratio of CD3+ cells to CD19+ cells. (Figure 2D) Likewise, 

the proportion of CD4+ cells to CD8+ cells in the peripheral blood of all mice exhibited no 

noticeable variations. (Figure 2E) Throughout the investigation, the sub-population ratios 

of immune cells remained relatively stable.
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Figure 2. Flow cytometry analysis of skin and peripheral blood of Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk 

fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice from the long-term and short-term OXA 

treatment groups showed T cells infiltration in skin and no systemic inflammation. (A). Representative 

flow cytometry plots and quantitative analysis of CD3+ CD4+ T cells and CD3+ CD8+ T cells in treated 

flanks of mice from the long-term group.  (B) The quantitative analysis of CD3+ CD4+ T cells in the 

flanks of mice from long-term group. (C) The quantitative analysis of CD3+ CD8+ T cells in the flanks 

of mice from long-term group. (D) The ratio of CD3 to CD19 cells isolated from peripheral blood 

of mice in both long-term and short-term groups.  (E) The ratio of CD4 to CD8 cells isolated from 

peripheral blood of mice in both long-term and short-term groups. Abbreviations: FL/FL is Hnrnpk 
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fl/fl Cd4CreERT2+/-. FL/WT is Hnrnpk fl/wt Cd4CreERT2+/-. WT/WT is Hnrnpk wt/wt Cd4CreERT2+/-. T 

is treated flank. UNT is untreated flank.  ‘LO’ is the long-term OXA treatment group, and ‘SO’ is the 

short-term OXA treatment group.

2.3.Hnrnpk deletion with long-term oxazolone treatment caused autonomous skin 
inflammation 

HE staining was conducted on skin samples to assess and quantify the number of epidermal 

layers in the long-term and short-term treatment groups (Figure 3, & Supplementary 
Figure 3). In the long-term OXA group, the number of epidermal layers in treated flanks 

from FL/FL and FL/WT mice were significantly greater than those in untreated sides 

(Figures 3A, & 3B). There were no significant differences between genotypes. In the short-

term treatment group, there were no statistically significant differences in the number of 

epidermal layers between the FL/FL and FL/WT mice and the WT/WT mice and the treated 

and untreated flanks from the same genotype. This showed that Hnrnpk deletion, in 

combination with long-term OXA treatment, caused a significant inflammatory response.
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Figure 3. Histological examination of skin sections from the long-term treatment group indicated an 

increased number of epidermal layers in the treated flanks of Hnrnpk fl/fl Cd4CreERT2+/- and Hnrnpk 

fl/wt Cd4CreERT2+/- mice.  (A). HE stained sections from treated and untreated flanks of mice in the 

long-term treatment group. Magnification is 20x and scale bar is 50 µm.  (B) Quantification of the 
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number of epidermal layers of treated and untreated skin of the mice from long-term treatment 

group. Paired t-test and two-way ANOVA with a Tukey’s post hoc test were used for statistical 

analysis. Error bars represent SEM and * indicates a significant difference (*P < 0.05). n is 5 or 6 per 

genotype. Abbreviations: FL/FL is Hnrnpk fl/fl Cd4CreERT2+/-. FL/WT is Hnrnpk fl/wt Cd4CreERT2+/-. 

WT/WT is Hnrnpk wt/wt Cd4CreERT2+/-. T is treated flank. UNT is untreated flank. 

2.4.Hnrnpk deletion increased the number of lymphocytes and caused autonomous skin 
inflammation 

To evaluate the inflammatory response in the skin of transgenic mice, IHC staining was 

conducted to quantify the amount of CD3+, CD4+, and CD8+ T-cells in the dermis of the 

long-term and short-term OXA groups (Figure 4; Supplemental Figures 4, 5 & 6). The 

number of CD3+ and CD4+ positive stained cells in the treated flanks of transgenic mice (FL/

FL and FL/WT) was considerably and statistically significantly higher in the long-term OXA 

group compared to the treated flanks of WT/WT mice (Figure 4A, 4B, & 4C). Moreover, 

the number of CD3+ and CD4+ cells in the dermis of the treated flanks of FL/FL and FL/

WT mice was statistically significantly higher than in the untreated flanks (Figures 4A, 4B, 
& 4C; Supplemental Figure 5). Similar observations were made for CD8+ positive stained 

cells (Figures 4A, & 4D; Supplemental Figure 5). However, no significant change was seen 

between the treated flank sections of FL/FL mice and FL/WT mice. CD3+, CD4+, and CD8+ 

T-cells in the long-term OXA group showed in clusters. The short-term OXA group had no 

significant increases in inflammatory cells within or between groups. (Supplementary 
Figures 4, & 6). In untreated flanks, these findings showed that CD3+, CD4+, and CD8+ 

T-cells were more abundant in the treated skin sections of the transgenic mice in the long-

term OXA group, particularly in the FL/FL and FL/WT mice when compared to the WT/WT 

mice, clearly showing that Hnrnpk loss along with long-term OXA treatment increased the 

skin inflammatory response.
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Figure 4. Histological analysis of treated skins from Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk fl/wt 

Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice of the long-term treatment group revealed 

increased number of CD3+, CD4+ and CD8+ cells in dermis.   (A). Skin sections from the treated 

flanks of mice in the long-term treatment group, stained with markers for CD3, CD4, and CD8. 

Magnification is 20x and scale bar is 50 µm. (B, C, D) Quantification of the positive stained CD3+ (B), 

CD4+ (C) and CD8+ (D) cells in the dermis of treated (T) and untreated (UNT) flanks of the mice in 
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long-term treatment group. Paired t-test and two-way ANOVA with a Tukey’s post hoc test were used 

for statistical analysis. Error bars represent SEM and * indicates a significant difference (*P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001). n is 5 or 6 per genotype. Abbreviations: FL/FL is Hnrnpk 

fl/fl Cd4CreERT2+/-. FL/WT is Hnrnpk fl/wt Cd4CreERT2+/-. WT/WT is Hnrnpk wt/wt Cd4CreERT2+/-. T is 

treated flank. UNT is untreated flank.

2.5.Loss Hnrnpk in autonomous skin inflammation affected cell proliferation index 

To investigate the impact of Hnrnpk deletion in CD4+ T-cells Ki-67 immunohistochemical 

staining was conducted on dermal samples of both the long-term and short-term 

treatment groups. The results of this analysis are presented in Figure 5 and Supplementary 

Figure 7. The long-term treatment group exhibited a notable increase in Ki-67 positive 

cells in the flanks of FL/FL and FL/WT mice compared to WT/WT mice (Figure 5A, & 5B). 

Furthermore, a notable increase in Ki-67 activation was observed in both the dermis of the 

treated compared to those untreated flanks in FL/FL and FL/WT groups (Figure 5A, & 5B). 

No significant changes were found within and between the genotypes in the short-term 

therapy group (Supplemental Figure 7). The results of this study indicated that the levels 

of Ki-67 cells were enhanced in the treated skin sections of the transgenic mice subjected 

to to the long-term treatment. This showed that combining Hnrnpk deletion and long-term 

OXA treatment increased cell proliferation.
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Figure 5.  Histological analysis of treated and untreated skins from Hnrnpk fl/fl Cd4CreERT2+/-, 

Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice of the long-term treatment group 

revealed increased number of Ki-67 positive cells in dermis.  (A). Skin sections from the treated 

and untreated flanks of mice in the long-term treatment group, stained with Ki67. Magnification 

is 20x and scale bar is 50 µm. (B). Quantification of the positive stained p-STAT3 cells in dermis of 

treated and untreated skins of the mice from long-term treatment group. Paired t-test and two-way 

ANOVA with a Tukey’s post hoc test were used for statistical analysis. Error bars represent SEM and * 



119

5

indicates a significant difference (*P < 0.05, ***P < 0.001, ****P < 0.0001). n is 5 or 6 per genotype. 

Abbreviations: FL/FL is Hnrnpk fl/fl Cd4CreERT2+/-. FL/WT is Hnrnpk fl/wt Cd4CreERT2+/-. WT/WT is 

Hnrnpk wt/wt Cd4CreERT2+/-. T is treated flank. UNT is untreated flank.

2.6.Loss Hnrnpk in autonomous skin inflammation affected the JAK-STAT signaling 
pathway 

IHC staining was performed to analyze the number of p-STAT3 positive cells in the dermis 

of the long-term and short-term treatment groups to see if the Hnrnpk deletion in CD4+ 

T-cells with persistent skin inflammation affected the JAK-STAT signaling pathway (Figure 6; 
Supplementary Figure 8). In the long-term OXA group, the treated flanks of FL/FL and FL/

WT mice had a significantly higher number of p-STAT3 positive cells than those of WT/WT 

mice (Figures 6A, & 6B). Furthermore, p-STAT3 activation was significantly higher in the 

treated flanks’ dermis than in the untreated flanks of FL/FL and FL/WT mice (Figures 6A, 

& 6B). There were no significant changes among or between genotypes in the short-term 

OXA group (Supplementary Figures 8). These data revealed that p-STAT3 cells were more 

numerous in the treated flanks of transgenic mice in the long-term OXA group, implying 

that Hnrnpk deletion combined with long-term OXA boosted Stat3 activation, enhancing 

the JAK-STAT signaling pathway. 
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Figure 6. Histological analysis of treated and untreated skins of Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk 

fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice from the long-term treatment group 

revealed increased number of p-STAT3 positive cells in dermis.  (A). Skin sections from the treated 

and untreated flanks of mice in the long-term treatment group, stained with p-STAT3. Magnification 

is 20x and scale bar is 50 µm. (B). Quantification of the positive stained p-STAT3 cells in dermis of 

treated and untreated flanks of mice from the long-term treatment group. Paired t-test and two-way 
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ANOVA with a Tukey’s post hoc test were used for statistical analysis. Error bars represent SEM and * 

indicates a significant difference (*P < 0.05, ***P < 0.001, ****P < 0.0001). n is 5 or 6 per genotype. 

Abbreviations: FL/FL is Hnrnpk fl/fl Cd4CreERT2+/-. FL/WT is Hnrnpk fl/wt Cd4CreERT2+/-. WT/WT is 

Hnrnpk wt/wt Cd4CreERT2+/-. T is treated flank. UNT is untreated flank.

3.Discussion

This study showed that transgenic mice with Hnrnpk deletion in CD4 skin-infiltrating cells 

and subsequent repeated OXA applications resulted in features of early-stage cutaneous 

T cell lymphoma. These included autonomous skin inflammation, CD3+ CD4+ lymphocytic 

infiltration, increased Stat3 signaling, and enhanced lymphocyte proliferation index. Our 

findings supported prior studies by demonstrating the CTCL-like features associated with 

both biallelic and monoallelic Hnrnpk deletions, shedding light on their significant impact 

and likely underlying pathways in CTCL formation.

Our previous experience with OXA application revealed that applying modest doses to the 

skin surface three times a week could reduce skin inflammation without any discomfort. 

(11) Nevertheless, in the present study, we observed an increase in epidermal layer 

thickness and dermal infiltration by inflammatory cells in the treated flanks of Hnrnpk 

knockout mice in the long-term OXA group.

While previous research has indicated HNRNPK’s involvement in regulating T-cell activation 

and cytokine production, the precise role of HNRNPK in influencing the infiltration of 

inflammatory cells in the dermis remains inconclusive. (12) This study added to the body of 

evidence by revealing the various impacts of HNRNPK on T-cell activity.

An earlier research has shown that reduced Hnrnpk expression in mice resulted in the 

development of malignant T-cell lymphoma, marked by the expansion of abnormal 

lymphocytes and an increase in pro-inflammatory cytokines such as IL-2 and TNF-a. (7) The 

dual role of HNRNPK in tumor suppression and inflammation promotion is also evident in 

acute myeloid leukemia and lung cancer. (13, 14) Given the inconsistent results of earlier 

investigations, the mechanisms by which HNRNPK deficiency increases inflammation 

and cancer remain unknown. Some studies have even proposed that HNRNPK acts as an 

oncogene due to its elevated levels in various inflammation-related malignancies, including 

melanoma, colorectal, and prostate cancer. (15-17) These divergent findings underscore 

the importance of maintaining the homeostatic balance of HNRNPK expression in 

preventing disease mechanisms and tumor formation. Our study further supports HNRNPK 

deletion increased cell proliferation (Ki-67 expression) and JAK-STAT pathway activation.

In the context of cancer, HNRNPK has been suggested to have a dual role, acting as both a 
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tumor suppressor and an oncogene. (7) A role as oncogene is supported by the notion that 

elevated HNRNPK expression is associated with increased Ki-67 expression in breast cancer 

(18), down-regulation led to impaired proliferation in head and neck squamous carcinoma 

with reduced Ki-67 expression. Overexpression of HNRNPK in a mouse model increased 

tumor size and Ki-67 expression, while HNRNPK knockdown reduced tumor size and Ki-67 

expression. (19). For AML and CTCL a tumor suppressor function for HNRNPK is more likely. 

Our mouse model shows that the proliferation marker Ki-67, which increases with disease 

progression and has been identified as a prognostic marker in MF, particularly in tumor-

stage (20, 21) is increased after knockout of Hnrnpk in CD4+ T cells. (22, 23)

The JAK-STAT3 signaling pathway has been confirmed to play a significant role in CTCL 

pathogenesis. Persistent activation of STAT3 has been observed in CTCL and identified as a 

driving force behind this malignant condition. (24) Aberrantly active STAT3 promotes tumor 

cell survival, proliferation, upregulation of immune suppressive factors, and inhibition of 

Th1 mediators, among other oncogenic properties. (25)  Constitutive activation of STAT3 

is associated with malignant T-cell proliferation, resistance to apoptosis, and inflammation 

in CTCL. The expression of phosphorylated STAT3 and its critical role in the survival of 

CTCL cell lines have been documented. (26) Moreover, STAT3 is expressed in early-stage 

CTCL but not elevated in healthy skin dermis. (27) Sustained activation of Stat3 in T cells 

drives disease progression in a CTCL mouse model, although this model exhibited changes 

in STAT3 in all T cells rather than specifically in CD4+ T cells. (28) HNRNPK also inhibits 

cancer cell proliferation through the p53 signaling pathway, with p53, p21, and CCND1 

playing pivotal roles. HNRNPK’s involvement in regulating the cancer proteome, including 

the STAT signaling pathway, also reinforces its influence on tumor growth. (29) (30) We 

observed enhanced JAK-STAT signaling in heterozygous and homozygous Hnrnpk knockout 

mice. These findings align with previous research suggesting lymphoma development is 

mediated through Hnrnpk-mediated Stat3 activation. (7)

Deletion of a single allele of the Hnrnpk gene is sufficient to influence the phenotype 

of the mouse model, with no significant differences observed between the phenotypes 

resulting from biallelic and monoallelic gene deletions. Our study included homozygous 

Hnrnpk knockout, heterozygous Hnrnpk knockout, and wild-type Hnrnpk mice, facilitating 

comprehensive genotype comparisons to enhance our understanding of the gene’s 

function and its impact on the biological processes studied. (31) All experimental mice 

were subjected to identical environmental conditions, mitigating potential confounding 

factors and enhancing the reliability of the results. Considering the possible variability, the 

incorporation of various genotypes and the increase in the number of mice were crucial for 

obtaining more reliable and reproducible results. (32)
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In conclusion, this extensive research underscores the pivotal role of Hnrnpk in CD4+ skin-

homing T cells within chronically inflamed skin, exacerbating skin inflammation reminiscent 

of the early stages of MF. These findings suggest that HNRNPK may play an initiating role in 

the development of MF.

4.Methods and Materials

4.1.Mice 

All mouse experiments were supervised by the animal welfare committee (IvD) of the 

Leiden University Medical Center and approved by the national central committee of 

animal experiments (CCD) under the permit number AVD116002015271, in accordance 

with the Dutch Act on Animal Experimentation and EU Directive 2020/63/EU.

Hnrnpk flox (Hnrnpkem1Lumc; MGI:99894) mice where loxP sites were introduced in 

Hnrnpk intron 2 and intron 6 were generated at LUMC. Hnrnpk flox mice using CrisprCas9 

RNP and 200 bp single-stranded oligodeoxynucleotides (ssODN). Cd4CreERT2 mice (Tg (Cd4-

cre/ERT2)11Gnri/J; MGI:5493114; JAX:022356) expressing CreERT2 recombinase under the 

control of the Cd4 promoter were purchased from The Jackson Laboratory (JAX). Hnrnpk 

flox mice were mated with Cd4CreERT2 mice to generate Hnrnpk flox Cd4CreERT2 mice. The 

offspring inherited both the targeted Hnrnpk flox allele and the Cre transgene. 

Inducible homozygous (FL/FL) and heterozygous (WT/FL) Hnrnpk knockout mice were 

obtained by crossing conditional Hnrnpk knock-out mice (LUMC) with 4OHT inducible Cd4-

CreERT2-knock-in mice (Jackson’s Laboratories) in the C57BL6/6J background. Resulted 

offspring was characterized by exon 3 to exon 6 deletion in Hnrnpk in Cre-expressing CD4+ 

T cells upon 4OHT administration. Wild type littermates (WT/WT) with Cd4CreERT2 in the 

C57BL6/6J background were used as a control group throughout the experiment. All mice 

were assigned to experimental or control groups based on their genotype. Treatments 

were assigned randomly. Mice were housed in a temperature-controlled room with a 12-

hour light-dark cycle. Throughout the experiment, food and tap water were available ad 

libitum.

4.2.Oxazolone preparation and administration

Sensitization and inflammation of mouse skins were described as before.(33) The skin 

inflammation was induced by oxazolone (4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one, 

OXA, Sigma-Aldrich) dissolved in acetone (Macron) to a concentration of 1.5% or 0.5% for 

each experiment. 1.5% OXA was used to sensitize shaved abdomen skins. After 1 week, 

0.5% OXA was applied on shaved left flanks to induce skin inflammation. To maintain skin 
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inflammation, 0.5% OXA was administrated on shaved left flanks. As control, acetone was 

administrated on right shaved flanks. Before shaving and OXA treatment, mice were placed 

in isoflurane box and anesthetized with 2 - 4% isoflurane (Karizoo). Anesthesia was put on 

0.25 - 2% isoflurane during shaving and OXA application. 

4.3.4-hydroxy-tamoxifen preparation and administration 

Cre-mediated deletion of Hnrnpk was performed in 6 to 20 weeks old mice with 4OHT 

(Sigma-Aldrich). 4OHT was dissolved in ethanol (J. T. Baker) and peanut oil (Sigma-Aldrich) 

to a concentration of 20 mg/ml. Dissolved 4OHT was placed in ultrasound sonicator 

(Branson 2510) for 2 minutes at room temperature and stored at 4 °C. Before each 

experiment, 4OHT was warmed to room temperature and administrated once on left 

shaved skins with 1 mg per mouse. As control, ethanol was administrated on right shaved 

flanks. 

4.4.Flow cytometry 

Skin cells were isolated by taking a 4 mm2 skin biopsy post mortem, which was then 

digested using the whole skin dissociation Kit (Miltenyi Biotec, NL) following the 

manufacturer’s instructions. Blood samples of mice (50 µL) were obtained from tail vein 

every week 24 hours after OXA treatment. Samples were transferred to tubes with lysis 

buffer (Hospital Pharmacy LUMC) and incubated for 10 minutes at 37 °C. After incubation, 

phosphate-buffered saline (PBS; Orphi Farma) was added to tubes and centrifuged for 

5 minutes at 1600 rpm at room temperature. Lysates were transferred to FACS plates 

and centrifuged for 3 minutes at 1400 rpm at room temperature. Plates were washed 

with FACS buffer (Thermo Fisher Scientific). Fluorescence-labeled antibodies, anti-mouse 

CD3 (clone 145-2C11, BD Biosciences), anti-mouse CD19 (clone 1D3, Thermo Fisher 

Scientific), anti-mouse CD4 (clone RM4-5, Thermo Fisher Scientific) and anti-mouse CD8 

(clone 53-6.7, Biolegend), were added to the cells and incubated for 30 minutes on ice. 

After incubation, cells were washed 2 times with FACS buffer and transferred to tubes 

with paraformaldehyde (PFA, Sigma-Aldrich). BD Fortessa flow cytometer was used for 

measurements and samples were analyzed with FlowJo software. For compensation, 

labeled beads (Thermo Fisher Scientific) were made by the same procedure and used 

shortly before the measurements. 

4.5.Histological and immunohistochemical staining 

Mice skin samples were obtained after CO2-mediated sacrifice and fixed with 4% PFA 

(Added Pharma). Skin tissues were dehydrated with increasing grade of ethanol (50%, 

70%, 100%), cleared in xylene (J.T. Baker) and embedded in paraffin (Klinipath) using 
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Leica HistoCore Arcadia H machine. Embedded skins were placed in microtome (Leica 

149MULTI0C1) and sliced at thickness of 4 µm. Skin sections were dewaxed with xylene 

and rehydrated with decreasing grade of ethanol (100%, 70%, 50%). Slides were stained 

with haematoxylin and eosin (HE) staining and dehydrated with increasing grade of ethanol 

(95% and 100%) followed by xylene. Skin sections were mounted on glass lids using Depex 

(Sigma-Aldrich).  

For immunohistochemical (IHC) stainings, paraffin-embedded skin sections were dewaxed 

with xylene and rehydrated in 100% ethanol. Afterwards, skin sections were blocked with 

0.3% hydrogen peroxidase (H202, Sigma-Aldrich) and rehydrated with decreasing grade 

of ethanol (95%, 85%, 70%). Antigen retrieval was performed in 0.01M sodium citrate 

solution (Merck; pH 6) for 10 minutes at low-medium in the microwave (Etna). Skin slices 

were washed 3 times with PBS/0.05% Tween (Sigma-Aldrich). Sections were blocked with 

SuperBlock (Thermo Fisher Scientific) for 30 minutes at room temperature and incubated 

with primary antibodies, anti-mouse CD3 (D7A6E, Cell Signaling Technology, dilution 1:200), 

anti-mouse CD4 (D7D2Z, Cell Signaling Technology, dilution 1:100), anti-mouse CD8 (4SM15, 

eBioscienceTM, dilution 1:1600) and anti-mouse p-STAT3 (D3A7, Cell Signaling Technology, 

dilution 1:150), at 4 °C overnight. All primary antibodies were dissolved in PBS with 1% 

bovine serum albumin (BSA, Thermo Fischer Scientific). 

Next day, skin slices were washed 3 times with PBS/0.05% Tween and incubated with 

secondary antibody goat-anti-rabbit (IgG biotinylated, Sigma-Aldrich, dilution 1:200) or 

rabbit-anti-rat (IgG biotinylated, Sigma-Aldrich, dilution 1:200) dissolved in PBS/1% BSA for 

30 minutes at room temperature. Sections were washed 3 times with PBS/0.05% Tween. 

Slides were incubated with Vectastain Elite Kit (Vector Labs, dilution 1:200) for 30 minutes 

at room temperature and washed 3 times with PBS. Skin sections were visualized with 

diaminobenzidine (DAB, Dako Omnis, dilution 1:100) for 5 minutes at room temperature 

and washed with MilliQ water. Nuclei were counterstained with filtered haematoxylin 

(dilution 1:5) for 3 seconds at room temperature. Skin slides were washed in tap and 

MilliQ water and dehydrated with increasing grade of ethanol (70%, 85%, 95%, 100%). Skin 

sections were mounted on glass lids using Entellan (Sigma-aldrich).  

All slices were photographed and examined with bright field microscope scanner (3D 

HISTECH, Pannoramic 250). For HE analysis, epidermal layers of each skin section were 

counted at 20x magnification. Means were estimated and used for statistical analysis. For 

IHC analysis, CD3, CD4, CD8, Ki-67 and p-STAT3 positive cells were counted in each slide at 

20x magnification. Normalization was performed at number of positive cells per mm2 and 

means were estimated for statistical analysis. 
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4.6.Statistical analyses 

All data was statistically analyzed and graphed in GraphPad Prism (version 9.3.1). For flow 

cytometry analysis, mixed-effect analysis with Tukey’s post hoc test was performed. For 

histological and immunohistochemical analysis, paired t-test was used to compare treated 

skin with untreated skin within same genotype. In addition, two-way ANOVA test with 

Tukey’s post hoc comparison was used to compare skin samples between genotypes. P 

values less than 0.05 were considered as significant.
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Supplementary Information

Supplementary Figure 1. Macroscopic analysis of treated and untreated skin from Hnrnpk fl/fl 

Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice shows presence of 

inflammation symptoms in treated skins in the long-term group. 

Representative clinical photos of treated and untreated skin images of Hnrnpk fl/fl Cd4CreERT2+/-, 

Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice of the long-term treatment group. 
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Supplementary Figure 2. Macroscopic analysis of treated and untreated skin from Hnrnpk fl/fl 

Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice shows presence of 

inflammation symptoms in treated skins in the short-term treatment group. 

Representative clinical photos of treated and untreated skin images of Hnrnpk fl/fl Cd4CreERT2+/-, 

Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice of the short-term treatment 

group. 
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Supplementary Figure 3. Histological analysis of treated and untreated skin from Hnrnpk fl/fl 

Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice of the short-

term treatment group demonstrates no changes in number of epidermal layers.  (A) Treated and 

untreated skin sections of Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/

wt Cd4CreERT2+/- mice stained with the HE staining. Magnification is 20x and scale bar is 50 µm. 

B) Quantification of the number of epidermal layers of treated and untreated skin from Hnrnpk fl/
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fl Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice. A paired t-test 

and two-way ANOVA with a Tukey’s post hoc test were used for statistical analysis and error bars 

representing standard errors of the mean (SEM). n is 5 or 6 per genotype.

Supplementary Figure 4. Histological analysis of treated skin from Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk 
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fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice of the short-term treatment group 

demonstrates no differences in number of CD3, CD4 and CD8 cells in the dermis.  (A) Treated skin 

sections of Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- 

mice stained with CD3, CD4 and CD8 IHC staining. Magnification is 20x and scale bar is 50 µm. Black 

arrows indicate stained cells. B, C, D) Quantification of the positive stained CD3 (B), CD4 (C) and 

CD8 (D) cells in the dermis of treated and untreated skin from Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk fl/

wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice. A paired t-test and two-way ANOVA with 

a Tukey’s post hoc test were used for statistical analysis. Error bars represent SEM and n is 3 per 

genotype. 

Supplementary Figure 5. Histological analysis of untreated skin from Hnrnpk fl/fl Cd4CreERT2+/-, 

Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice of the long-term treatment group 

reveals unchanged number of CD3, CD4 and CD8 cells in the dermis. Untreated skin sections of 

Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice stained 

with CD3, CD4 and CD8. Magnification is 20x and scale bar is 50 µm. Black arrows indicate positive 

stained cells. n is 5 or 6 per genotype.
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Supplementary Figure 6. Histological analysis of untreated skin from Hnrnpk fl/fl Cd4CreERT2+/-, 

Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice of the short-term treatment group 

demonstrates no differences in number of CD3, CD4 and CD8 cells in the dermis.  Untreated skin 

sections of Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- 

mice stained with CD3, CD4 and CD8. Magnification is 20x and scale bar is 50 µm. Black arrows 

indicate positive stained cells. n is 3 per genotype. 
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Supplementary Figure 7. Histological analysis of treated and untreated skins from Hnrnpk fl/fl 

Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice of the short-term 

treatment group shows no changes in number of Ki-67 positive cells in the dermis.  

A) Treated and untreated skin sections of Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- 

and Hnrnpk wt/wt Cd4CreERT2+/- mice stained with Ki-67. Magnification is 20x and scale bar is 50 

µm. Black arrows indicate stained cells. B) Quantification of the positive Ki-67 cells in the dermis of 
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treated and untreated skin from Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk 

wt/wt Cd4CreERT2+/- mice. Paired t-test and two-way ANOVA with a Tukey’s post hoc test were used 

for statistical analysis. Error bars represent SEM and n is 5 or 6 per genotype. 

Supplementary Figure 8. Histological analysis of treated and untreated skins from Hnrnpk fl/fl 

Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- and Hnrnpk wt/wt Cd4CreERT2+/- mice of the short-term 

treatment group shows no changes in number of p-STAT3 positive cells in the dermis.  
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A) Treated and untreated skin sections of Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- 

and Hnrnpk wt/wt Cd4CreERT2+/- mice stained with p-STAT3. Magnification is 20x and scale bar is 50 

µm. Black arrows indicate stained cells. B) Quantification of the positive stained p-STAT3 cells in the 

dermis of treated and untreated skin from Hnrnpk fl/fl Cd4CreERT2+/-, Hnrnpk fl/wt Cd4CreERT2+/- 

and Hnrnpk wt/wt Cd4CreERT2+/- mice. Paired t-test and two-way ANOVA with a Tukey’s post hoc test 

were used for statistical analysis. Error bars represent SEM and n is 5 or 6 per genotype. 


